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FOREWORD )

The version of the SPAR system described in this report was developed

by Engineering Information Systems, Inc., under contracts with the George
C. Marshall Space Flight Center and the Langley Research Center of the
National Aeronautics and Space Administration. The contracting Officer’s
Technical Representatives were L. A. Kiefling aﬂd John Key, MSFC, and

J. C. Robinson, LaRC.

The purpose of Volume 1 of the SPAR Reference Manual is to fully define
the functions and rules of operation of the system. This document is not
intended to stand alone as an introductory guide for new users. It is
expected that new users will either attend introductory courses, or be
assisted and advised by analysts experienced in the use of SPAR. It is
assumed that users are familiar with finite element theory and execution

procedures (run set-up, control cards, etc.) on Univac Exec 8 or CDC systems.

Submitted by
Engineering Information Systems, Inc.
W. D. Whetstone

President
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Section 13
CEIG - COMPLEX EIGENSOLVER

Function. CEIG solves high-order linear eigenproblems of the form:

A2MX+;\(D+G)X+KX= 0. (D

Coefficient matrices M, D, and K are real and symmetric. G is real and
anti-symmetric. M may be either diagonal or in SPAR-format. D, G, and

K are in SPAR-format. The computed eigenvalues and eigenvectors, A and X,
are complex. The primary application of CEIG is to compute a limited
number of eigensolutions for damped and/or spinning structures modelled by
finite element systems of high order, i.e. many thousands of degrees of

freedom.

The solution procedure used in CEIG is analogous to the one used in EIG.
Beginning with initial approximations of n X's, a two-phase iterative

procedure is executed:

1- A Stodola-type iteration is performed for each of the n X's.

2- A complex Rayleigh-Ritz analysis is performed, utilizing as
generalized coordinates coefficients of the n improved eigenvector
approximations computed in the Stodola phase. The output from the
Rayleigh-Ritz analysis is a further improved set of eigenvector
approximations comprised of linear combinations of the vectors

computed in the Stodola phase.

To cause the iterative process to converge on different solutions, a

shifting parameter, s, ic introduced. Adding sMX to both sides of Eq. (l):
(A2 + MK + A + G)X + (K - sM)X = 0. (2)

The solution procedure is discussed in detail in Volume 2 (Theory) of the

SPAR Reference Manual. Example input and results are contained in Volume 3.
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Coefficient matrices:

M .
- AUS ———me R -sM )

o |

D (optional) T~ Y
G (optional) \ @

-1
_’,,(K -sM)
' CEIG )
Optional input, initial , \\ Results of final iteration,
approximations of eigen- // \\ eigenvector and eigenvalue
vectors and eigenvalues: // \\ approximations:

\ If_RVEc CEIG nset ncon
IVEC CEIG nset ncon
| RVAL CEIG nset ncom

|
|
i

i IVAL CEIG nset ncon

—

K
// '
/
i /

RVEC CEIG nset ncon _}
IVEC CEIG nset ncon

RVAL CEIG nset ncon (
IVAL CEIG nset ncon _J

Notes:

(1) Eicther D or G, but not both, mav be omitted.

(2) RVEC contains the real part of the eigenvector approximations.

(3) IVEC contains the imaginary part of the elgenvector approximations.

(&) RVAL contains the real part of the eigenvalue approximations.

(5) IVAL contains the imaginary part of the eigenvalue apporoximations.

(6) 1f RVEC, IVEC, RVAL, and IVAL are furnished as initial approximations,
these data sets will be overwritten (not deleted and superseded by new
data sets having th=2 same name). If you wish to save the originel data
sets, use DCU to make copies.

(7) RVEC and IVEC are in SYSVEC format.

Figure 13-1 CEIG Data Tramsactions
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CEIG data transactions are shown on Figure 13-1. If RVEC and IVEC do not
exist, CEIG will generate RVEC (containing random numbers), and IVEC (contain-
ing zeroes). The coefficient matrices are identified by the commands

indicated below. LS and ncon are established by RESET controls. -

@XQT CEIG
RESET P1= L P2= Voo
M= Lib NI N2 n3 n4$ M in Eq.(2), default M= LS DEM MASK MASK MASK

*
K= Lib N1 N2 n3 n4$ K in Eq.(2), default K= Ls K MASK MASK MASK
D= Lib N1 N2 n3 n4$ D in Eq.(2), no default

G= Lib N1 N2 n3 n4$ G in Eq.(2), no default

KINV= Lib NI N2 n3 n4$ (K - sM)™' , default KINV= L, INV K ncon
RESET Controls.
Default

Name Value Meaning

SOURCE 1 Ls’ the primary data source library.

DEST 1 Destination library for RVEC, IVEC, RVAL, IVAL output.

LTEMP 21 Temporary library used to contain results of intermediate
computations.

M .0 Value of the shift parameter, s, in Eq.(2).

SET 1 nset (see Fig. 13-1)

CON 1 ncon (see the KINV command above, and Fig. 13-1)

N 0 N= n, the number of initial approximations to be generated.
In the default case (n=0), iteration on existing RVEC and
IVEC data sets is resumed.

NDYN 6 Maximum number of iterations. Note that if NDYN=0 and N#O0,
the output RVEC will contain random numbers, and IVEC will
contain zeroces. It will sometimes be useful to use AUS/
UNION to concatenate initial vectors so produced with
other initial approximations.

CCNV 10._5 Iteration termination controls. The measure of convergence

vi 0 of eigenvalues at iteration j is 2 = |(r, - r._l)/r.l,
where r = the modulus of the eigenvalue. J J

V2 .0 An eigenvalue is converged if e is less than CONV. Execution

YREQ 0 will be terminated if at least NREQ eigenvalues have

converged, and there are no unconverged eigenvalues within
the range, V1 < r < V2.

* Note that the K= command indicates K (not K-sM), if a shift is made.
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RESET Controls, continued:

Default
Name Value ‘Meaning
HIST 0 Any non-zero value will cause a printout to be produced

displaving the history of eigenvalue approximations
computed ar succesive steps in the iterat.ive procedure.

CMETHOD 1 If CMETHOD= {, eigenvalues as computed in the Ravleigh-
Ritz phase of the iterative process will be stored in
RVAL and IVAL. 1f CMETHOD= 0, an alternate procedure
is used.

CBAL 0 CBAL= 1 to utilize ''balancing" in the Rayleigh - Ritz phase.

Core Requirements. The minimum core requirements of CEIG are slightly

more than twice the number of system degrees of freedom (i.e. the number
of joints x the no. of dof/joint) plus the greatest block length of any

of the input arrays. For example, if the structure has 1000 joints and 6
dof/joint, and the greatest block length of M, K, G, D, and K-l is 3584,
the minimum core requirement would be slightly more than 12000 + 3584.

However, it is usually best to furnish at least twice the wminimum amount,
in order to reduce I/0 activity. CEIG automatically uses all extra core

space to minimize I/0 costs.

Costs. Execution costs will be approximately proportional to the number of

iterations times (CL + Cv + C3), as defined below. The constants c c and

1’ 2

c3 will vary frem svstem to svstem.

C1 = cl X n x (Icﬁ + IC3

and GX multiplications.

) , linear equation solutions, MX, KX, DX,

2 -
c, = ¢, x X (no. of joints x no. of degrees of freedom/joint),

inner product op2rations e.g. Xt (MX) .

C,3 = c3 X n3, Rayleigh - Pitz solution.

The above equations are not precise, and are intended as a rough guide only.
Normally, the ¢, xnx ICq term will dominate if a few modes of a very

L
large (e.g. many thousand d.o.f.) problem are computed. It will often

be very cost-effective to use real modes computed by EIG as initial

approximations.
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FOREWORD -

The veréion of the SPAR system described in this report was developed

by Engineering Information Systems Inc., under contracts with the George
C. Marshall Space Flight Center and the Langley Research Center of the
National Aeronautics and Space Administration. The contracting Officer's
Technical Representatives were L. A. Kiefling and John Key, MSFC, and

J. C. Robinson, LaRC.

The purpose of this document, which is incandgd for use in conjuction
with Volumes 1 and 3 of the SPAR Reference Manual, is to present
information concerning the basic assumptions underlying various
components of the SPAR system. A separate Table of Contents is given

for each Section of this volume.

Submitted by

Engineering Information Systems, Inc.

5
< . rr

W. D. Whetstone

P

President
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CEIG - Complex Eigensolver

CEIG solves high-order linear eigenproblems of the following type:

AZMX + A(D + G)X + KX =0. (1)

Matrices M, D, and K are real and symmetric. G is real and antisymmetric.
M may be diagonal or general (SPAR-format). D, G, and K are SPAR~format.

The complex eigenvalues and eigenvectors, A and X, occur in conjugate pairs.
The primary application intended for CEIG is computation of a limited number
of eigensolutions for damped and/or spinning structures modelled by finite

element networks of high order, i.e. many thousands of degrees of freedom.

Iterative Procedure

CEIG iterates simultaneously on approximations of n eigenvectors. In the
following discussion, YR and YI are the real and imaginary parts, respect-
ively, of the current eigenvector approximations at the beginning of an

iteration cycle. That is, where the current approximation of xdisyd + iYJ,

_ 1,2 n
YR = {YR YR YR}
1 .2 n

Y = {YI YD - - YI} (2)

Each iteration cycle consists of the following steps. Details of individual

steps are discussed later.

1- Eigenvalue approximations, Xj, corresponding to each eigenvector
approximation, Yg + in, for j = 1 througn n, are computed and compared
with the corresponding eigenvalue approximations as determined in the
preceeding iteration cycle. If the convergence criteria are met (see
Volume 1 of the SPAR Reference Manual) execution is terminated.

Otherwise, the following steps are performed.



2- A Stodola procedure is executed to establish improved eigenvector
approximations, ZR + iZI, where
o Ll 2 n.
‘g T Lg%y 2y}
1,2 n -
ZI {ZI 4y = ZI}. (3}

3= Preparatory to performing a Rayleigh - Ritz analysis in which
coefficients of the (Z% + iZ%) 's are used as generalized coordinates,

the following twelve n by n matrices are computed:

z§ A z; ¥z, 25 M 2L,
ZE Dz, zf Dz, 2t p oz,
AN A zg G 2, 2t 6 oz,
zi K 2, 2 K 2, zg R 2. (4)

4= A Ravleigh - Ritz analysis is performed, resulting in computation of
new approximations of n eigenvalues, and the four Ekm matrices used

in the following step.

| 5- The final step in an iteration cycle is back-transformation of the

eigenvectors computed in the Rayleigh - Ritz procedure:

new XR = ZR ERR + Z1 ERI
= o
new YI ZR ELR + ZI Erye (5)




Computation of Eigenvalue Approximations.

In Step 1 of each iteration cycle, eigenvalue approximations, Xj= i% + iii,
for j = 1 through n, are determined by replacing A and X in Eq.(l) with
3 and YJ, and pre-multiplying by (Yj)t, as indicated by the following

equations. Where

as= (Yj)t M YJ,
b=@Htp v9 (note (¥t ¢ ¥3 = 0 since ¢ = -6%), and
c= @htx v, (6)

a GHZ+b T+c=0. . 7

From Eq.(7): 5
A = [-= ti\ﬂg =(§)] - ®

Solution of Eq.(8) is simplified by the fact that although a, b, and c are

BN
o

complex, c¢/a and b/a are real.

Stodola Procedure.

Eq. (9) below is equivalent to Eq.(l). The +sMX and -sMX terms are intro-
duced to furnish a means of causing the iterative procedure to converge on

solutions in different regions. The parameter s is analogous to the

spectral shift parameter used in inverse power iteration procedures for
solving real eigenproblems.
(A2 +s)MX +A(D+G) X + (K - sM) X = 0. (9)

Eq.(9) may be re-written as Egqs.(10) and (11):

F= (A2 + s)MX + A(D + G) X, and (10)
=~ - s lF, (11)
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In the Stodola procedure, each of the n eigenvector approximations, v =

Y; + lYi, for j = 1 through n, is used to compute an improved approximation,
zd = Zj + 12%, as follows:

- On the right side of Eq.(10), X and X are vreplaced by 3 and YJ, to

compute a Stodola "force" vector, F = f% + i ?% .

- Replacing F by ?J:haEq.(ll), the real and imaginary parts of Zj are

computed as:

I - _iv eyl ol
ZR (K -sM) FR
S R
ZI (K =sM) FL .

- 23 is normalized such that the greatest modulus of any element is one.

Rayleigh - Ritz Procedure

Eq.(5) may be written as

[Yg + i YI] = [zR + 1 ZI]LQR + 1 Q] (12)
where
Qp = EBgg = Eqp» and Qp = By = -Egy
The Rayleigh-Ritz procedure consists of replacing X in Eq.(l) with the
, . . ) t
above expression for [YR + iYI] and pre-multiplying by [uR + 121]
This results in the following low-order complex eigenproblem:
- - = —
(™M+220+0 + X ]QR +1Q; = 0, (13)
where
Ho= 2Nz - ZDMZ) + 1(Zgiz; + ZMZR)
R 21 2R R7*
- t t t., t
= - VA
K (ZgKZp - Z(KZ) + 1(ZpR2, + 2,KZ0),
= t _ 5t t 7t
D = (ZR R IDZ ) + 1(2R I 1DZ ), and
_ top - 5t tor _
G (Z R 1GZ )y + 1(ZR ‘1 IG7R)



The complex eigenvalues and eigenvectors at Eq.(13) are computed with a
*
set of routines from the Eigensystem Subroutine Package, EISPACK. Before

entering the EISPACK routines, Eq.(13) must be converted to the form
[A-2rI]x=0 ) (15)
To accomplish this, let

Q = AQ, where Q = [Qp + iQ;]. (16)

Substituting Eq.(16) into Eq.(13) and introducing the equality
HQ =AMQ yields

{ = 0. (17)

Premultiplying Eq.(17) by | produces the desired following

form for the reduced eigenproblem:

oo e o]
- I = 0. (18)
e ol e

The eigenvalues i and eigenvectors [Q-a] of Eq.(18) occur in complex

conjugate pairs. One vector representing each conjugate pair is selected

O

‘Dl

and used to construct the transformation matrices ERR’ E EIR’ and EII'

RI’

* The EISPACK system of eigensystem routines was developed by the Applied
Mathemetics Division, Argonne National Laboratory.
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18. VIBRATION OF ROTATING AND DAMPED STRUCTURES

The usual formulation of the linear eigenproblem for damped rotating
structures, as indicated in References 1-6 at the end ofvthis section, is:

MK+ A@ + OX+ KX =0 - (1)
In Eq (1),

M = Mass matrix

=]
[]

Damping matrix

G = -Gt = Coriolis matrix, and

=~
[

Ke’ the elastic stiffness matrix,
+Kc’ the centripetal force effects matrix,
+Kg, the initial stress stiffness matrix. 2)
In the following equations, it is assumed that M is based on a lumped mass
model. The subscript i refers to joint i, for i=1 through n, the number of

joints in the structure. In Eq (3), W wy and w,  are constant spin rates

about global axes x, y, and z.

F; ] — .
1 0w w 0 0 0]
2 z |
0-. 0O 0 O
L] x ‘
© ’
W= . , where LA ° 0 0 0 j (3)
| 0 0 0’
0 Oi
) . anti-symmetric 0|
= WM + Md4 (4)
= W MW (5)
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The initial stress stiffness matrix, Kg’ is based on the stress state

corresponding to joint motions U in Eq (6):

1

U = -(KC + Ke) KCP where (6)
- -
Pl )
Py : L3
L] ,
e 1
. { Z °
P . and P; <o (7)
° _0 J
" an

In Eq (7), Xiv ¥y and 2z, are the position coordinates of joint i relative

to the spin center.

In the preceding equations GX is the force due to Coriolis acceleration,
ch is the force due to centripetal acceleraticn, and -KCP is the centrifugal

force vector caused by constant spin rate.

The purpose of this section is to verify the function of CEIG and to give
examples of CEIG output.

for

Sections 18.1, 18.2, and 18.3 compare CEIG results with published results
several spinning structure problems. Section 18.4 illustrates computation
of damped modes of a cantilevered beam. Section 18.5 illustrates application

of the spectral shift parameter, s.
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In several instances, eigenvectors are displayed in polar form.

The following procedure was used to obtain these displays:

ST AL

OHLIME=0:0OUTLIE=2: INLIE== Change all N* to vector

DEFIME P= 1 FYEC CEIG 1 1 MHe o

DEFIME I= 1 IVEC CEIGS 1 1 Me number before executing
FE=I0URFE P this procedure.

I2=Z01RFE v T
FEIZ=I1IMIESIE
FIOT=I0FRT/REIZ
F1=FRECIF F2
TRM=FFOD "IsF12
FIR=S0RT RS
FZRl=RECIF (R0
ZIGH=FFOD F«FZiDL
FMOD=FFOD ‘2 TEH« RSRT)

OUTLIE=1
FOLF CEIZ Me = LUMIOMRMODTHRM?

FLFHR: CRZE TITLES Me 0
1"EIGEMHYECTOR MDODULLE
SO TARMGEMT OF EIGEMWELCTOFR FHRTE RMGLES

FA0T WRRT
TFFINT FOLF CEIG He 0-"FOLRF FOFM OF EIREMVECTOFR He
TTOF

U '
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18.1 SPINNING AXISYMMETRIC BEAM

Vibrational modes were computed for the
beam shown below.

in Reference 1 (Likins).

*Q

‘ Zz
T
.
| i
|
L ;
. .

X

ten E21 beam elements of equal length.

Results

Frequencies(Hz) of
the non-spinning beam
computed by SPAR/EIG

In this problem, D and Kg in Eq.(l) are zero.

Results are compared

™ O <

I.=1I,=

1
A=

N =

2

10. x 10

40.

1

4. x 107

.00

- 8.22

1

undamped axisymmetric cantilevered

with the analytical solution given

lb/in2

1b/in°
in
5 .
in
)
im

cps

The beam was modelled as

Frequencies (Hz) of the spinning beam:

Analytical solution

SPAR/CEIG results

13.
13.
83.
83
228
228.

616
616
429

.429
.985

985

5.
21.
75.
91.

220.
237.

396
836
209
649
765
205

5.
.836

21

75.
91.
220.
237.

395

209
649
764
207

As indicated in Reference 1, the oscillation of the spinning beam ic a

circular motion of all points on the beam.

] and 2 are always 90 degrees out of phase.

The displacements in directions

rectangular and polar form on the following page.

18.4
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Input Data

The following runstream was used to produce the results described in
this subsection:

FTE TRERF-A, TR,

40T TAE
ITHRFT
MATC S
Jugee
EE Create G matrix in SPAR-format,

— s 0

B0 CEDOUNRS T SN I OS  NXs

1 0,8 1.5232-04 0.8 5 ¢ &k and store it in SPAR-B.
2 N.e TEASI-04 0.3 3 2 1 ¥
=BT ELD
EaS:a 233 314 4:5 S8 B:7 7
NIECT=¢s1 1838 =

E
EKE
TOFO
“0T K
ST Do)

CHAMSE 1 K IFAF
SIUTE TFAF-A. s ZFZ.
SUTE TPAF-E.sIP1.
30T THE -

TTART =

MATC: 1 10.0+08 0.3 001

Lgo: 1. 0. 0.0, 0. 40, 301

ER: GIWM 1 4.-05 0. 4.-05 0. 1, 00-0Z

MEEF: 1 1 1 1 1.

cOgd 1 TERO 1L Z 34 % e 1

ZJERO =t 2

— o D b

L
W
7
8
m
I
R

GIE TR L e Fu= R NN et B AR} ORI s

Y AN

= a7 ELD
2 EZ1: 1 & 17

F=aT E
REZET
RS T Ek =

;=0T TOFO
ST K
BUCH D IS S KRN
=BT EIG o Compute modes of tne
FEZET IMIT=2. MNREL=R non-spinning beam.
=0T D D
> COFY Sl 5 OTEAR CIE D Move G From SPAR-B to SPAR-A.
T R
TYIVED: WT
I=1 &: J=130 Zee
o= FRQODC W e DEMY
FERT=TUM ke —1.0 KD
0T I
¥ mow C=E ERID ~
;ai'x;i’EI:E}I - ek Corpute rodes of the
F,é.;E-} HRED=43s HIZT=1e M=o HOVH=11 spinning bear.

w2

S=CEn,

UR KX i)

e vt s 0 D for P o Fov Tos Ton Doy Fog o oms a 02 pos =0 bt

Cob 8t bt i

VIO B0 PR | [ SN
v

Compute X and (Ke - Kc).

bode s

bbb bbbk
S I W A

= M=1 DEM

] =1 EEKL

! 3=1 13

E CIMw=1 LMY KERL
? A—-. T ‘:] Fl

oonenen .
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CEIG Print-out

The following printout was produced by CEIG in executing the problem described
in this subsection.

0T CEIG
HFED=
HIZT=
Moo=
I K=
IATH IFRACE=
I TEFATION
ITEFATION
ITEFRTION
TTEFAT 10N
I TEFAT IOM

AT P

——
"

Tl $a N0

FERL

SR00n
HO COMYERSED
MO COMHYERGED
MO COMYERGED
HO COMYERIGED
< FOOTT COM

T MRi=

z LIS E92asT-ndg 3T T
3 LSEsai{s40-ng CETESE

ITTEFRTION T

FERL
1:71nu

m ORI R Y

T FHTIDH e

R 14\_”"4‘”!.
cH3EING] -0

= RODTT C0OH

ITMAG
'-’E'E' « j oy 1

n-'ég:

Z FODTL COM

FERL E
o = ETRERNES- 04 <1271
X = RARSEe -0 o FTET
B CSEATS NG -0 L STES

ITEFRTION 2.

S FOOTT

i 0r

FOOTE
FOOTEZ
FOOTE
FOOTE
YEFGED

THAFEY
IrETan:

YERSED

ITHRFEY

d-_r—+l|

3T 4&#ﬁm
YERGED

L
ihl
(N T
;
iV ||_n 1

R 1¢ﬁw
VERISET

FERL THMRGTHAPY

= LSRR -0 25 10T

E ClddrSEnE-0n E+03

4 -, SEETRI4E-Ng ,=‘= 4 =1 5+0T

< -,3854156--ﬂ? ,1:“1H--+H4

" LliFTIEES-0E cldEng1as+04
. CIF LE EIGEMHYALLEZ. ITEFRTIOM =
CED FERL IHPGIHHF.

I = i1S0szz29s-=-0z LT E

< R R Tt A T 1 ETURT z

B 1d4n S nNE = LATESSE e

4 =, ZESTERI4Z-ng CETERgS Zen

g =554 1Sed4-0n {27103 +04

= = 11V ElEse=-ng 1SRN 145 +04
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ETSEMYRLUE
MCDE 1
FERL

uuﬁu

OO B0 SR B ST (R

ITEFRTIOM

ﬂﬂﬂﬁ

MODE

IT

i X

< : = 0

= FEOZ22LH

4 =, ZTa45TE-01

5 = 15282017 -02

- CIEZAESETT-02

T J1ETinasz=-ng

= -, ITRSENSE-04

= LSRRG TSE -0
s =

IT

i

3

s

-

ne disp
iZsplays hzstard

Datz Sets Produced

The following DCU TOC defines the output

this example.

TRILE OF COMTEMTZ.
e FF IRTE
L T1s 111777
S TEO0O11177T
z TSe 111777
T TET 111777

terminated hersz

HIZTORY

2
ol
¥

TNS14+05

-.;]

o
S S N B

DO ROR O RO

Shd A

r-‘b—hr—lb—‘o—tb-‘h_'l-'

=4

IMARETHRREY

INZGTNSS+NS
[ )
1+n-

J?qr.n

LATESAEES

for all moces

LIEFAFY 1

TIME
nEz4s4 n
RS S 0
R Jee r
nazaza M

18.38

MODILUS

O ZRASSRZ T+ 05

c ITESOSSS+02

CITRATSEN+ 02
el

SIS+ NS
n+n¢

unua

Iu_l DU TR TR

T‘Qﬂn,4 +n¢
SN TOs+0S

TROOTSS+0Z

|ULH
TH414+H=

AR R RN RS B g

‘JD

e

o
O S S N N T I

.
Vot 000 003 a8 0 by

R RN EN R

Hk‘H*‘M,gn
. I

MODULLY

N T

S SIINET

I ¥ :
LRATESED =
LATESIS RS :
LTSS 0 T
.473?4_?#+H3
LATISAEA N+ 0T
S B B e N

TS

[P PES,

orevity -
reguestesd.

[ T e

[ SR 5

T OO

e b T

0.

IRTH

rat
FLUES
e
FaeL
I%'HL

data sets produced by CEIG in

ET
He
CEIR
CET
CEIS
CEIS

HMEME
Hz
1

[N

s e oua 3



18.2 ROTATING BEAM ( Laurenson's problem)

Vibrational modes were computed for the undamped cantilevered beam shown
below. Results are compared with those given in Reference 3. Two sets
of CEIG results are given, corresponding to different values of beam
torsional stiffness per unit length, Kt, The value of Kt = .7954x10m4
assumes that the cross section is rectangular. The value of Kt = .01

is used to effectively constrain torsional motion to permit direct

comparison with Reference 3, in which torsional effects are not considered.

Q

i z

'

i E = 10. x l06 lb/in2
v o= .3
.3
p = .1 1b/in
b = 2a = 80. in.
1= 4. x 107 in
Vg 1= 6. x."lO'-5 in4
X y 2
tQZ g A = .001 in
7 o=  6.808 Hz
‘ z ¢f'\T > § = angle in Y - Z plane
A Z A a ) ¢ = angle in X = Y plane
! » P -
S — s //~ —_ — J— ‘{
- - hy e i
oy

In this problem, D in Eq.(l) is zero. The SPAR model consisted of seven
E21 elements. The frequencies (Hz) of the non-spinning beam, as computed
by SPAR/EIG were:

13.627,

16.676,

83.431, and

102.179

18.9



Results

Frequencies (Hz) of the spinning beam:

CEIG, Torsion CEIG, Torsion
Constant K = Constant, K =
Beam Inclination Reference 3 .01 .7954x10~% t

o= 60°, ¢= 0 12.0 12.185 ' 11.318
24.0 24.209 23.110
85.1 84.951 84.569
106. 106.595 102.983
o= 1205 4= 0 6.1 6.032 5.593
18.5 18.417 17.617
79.3 79.412 79.272
101. 101.919 100.286
o= 0, ¢= 60 17.4 17.675 16.284
18.8 18.949 18.951
87.6 87.338 84.255
105. 105,173 105.172
6= 0, ¢=120° 12.7 12.965 10.880
14.6 14.652 14.657
83.4 82.977 79.591
101. 101.497 101.497
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Input Data

The following runstream was used to produce the results described in

this subsection, for the 6= 60 degrees case.

MITE IFAP-FA.sIF1. 7
FEOT TAE |
ITREFT =
MRTC: 1
JLoce 1
EE — Set up G matrix and
1: 1.288S-nNdz0:0 store 1t in SPAR-B.

Tie DT TS e s e s R

= =, o a=NTi s v g
T ELD
Ec2S: MIECT=1:

=) 4a
Y IR

OO A
DO ST
-

HIECT=2: s =

30T TOFO 1
WOTOE
PE0T BRI ;
RUCH A B
DT DCu

CHAMGE 1 b ZFAF ZE O 53 IFRF 25 10
SMITE IRPRF=R, « TFE,
NITE TEFARF-F, « TF1.
=0T THRE -

ITHFT

B B PR B NP IN CEX C Rl IR TSN | B ) Fig oo

T LI X

Fod Fop Mig oo To0 s st b pos v 58 s pn mss pos

z MRTC: 1 10 0+ U2 0,1 -
3 ALTR: & 1 &0, & 0. 3 0. 0. &0, 0. +8 = 80 degrees.
= JLOC: MFEF=Z |
1 0. o, om0, 40, 0. o= |
ER: 5IWN 1 4,-5 0, £,=5 0., 1.-3 ,7Ta%4-4

A0 =g T

1
MFREF: 1 1 = —~1 1,
coM 1sZEFPO 1 E
AT OELD
Ezt: 1 = 1 7
AT TOFRO

Vs =y

ot seteed Foe Fo Foo fae Mis

LN NN
Nl § o0 1
S
Sma
]
m
—
Dy
1
)
(R}
¥

5 3T ER T

I W Tk

Eh FEOT THY

B HERT ETS Compute modes of the
T FEZET INIT=e. MFEC=3 nen-spinning beam.

Jontinued on next rage
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Sz

-

DUEIOR BT I
sl U]

.
=1
ee
e
rd
=%
me

St Yo,
- i e

[
POETY R SRR

i
N g

A

FEOD .

SE=TLM R

d=1.2:

1229, KE2S

)
T

DEM?
=1.0 Ko

TRELE fHI=c«NJ=Zr: F

TERMH CEDUFPCE=JLOCs ILIM=Ze JLIM=2. DK IP=2"

BFFLIED N=FFODMICT KT PO

DT THY

FOFCE 1

FEZET V=FEKT

PA0T

Jz0u

FEZET K=KEKL

T BIF

FETET EMEED=1

FEOT KIE
AT O RIE

FECE=ZLIM b ERC «

0T TWC
-OFy
SOT I
FETET
ST AT
DEFIME
[EF IME
FYED
IWED
FuRL

T WAL

AEET CEIR

e

e

= IFRF 2E 0

b=kECI

WYV TER
E=VIEF
CEIG 1
CEIG 1
CEIG 1
CEIS 1

FEZET HIZT=1,

FETET

b I M=
TTOF

CERL=1

1 DEM
1 FECE
1 5

1 IH

MODE 1 1
EvWAL 1 1
{=HI0OM
1=0410M 710,
1=HI0M 0,
1=T0FT FE

MHFED=4

FECS

18.12

iz

R runstream for 8 = 60 degrees case (continued):

-Cemoute X and ¥ - X
- e e e

5

N

eI 1

—

- APPLIED FORCE 1 1
centrifugal force

~Compute K, corresponcing to
stress stute rroduced Dy
centrifugal Force Ffileld.

Copy G into SPAR-A.

— Estaclisn modes of the non-

- spimning structure as initial
. approximaticons of modes of
W the spinning structure.

Comrute modes of the spinning
structure.

veetor (SYSVEC fmt.)



18.3 ROTATING CANTILEVERED L-BEAM

Vibrational modes were computed for the undamped rotating L-beam shown

beiow. TIn this problem, D in Eq. (1) = 0.

£ = 70.%10° n/m?
? L= .1524 m
) A I.=1.= 3.4686x10 °n®
m b2 -4 2
[ 1 A = 6.4516x10 m
¥ i f= Uniform
| !ml torsion -8 4
| i cotristant = 5.8689x10 "m
4 S m, = 58.3756 kg
m i) ] m
? L 1 1 1 ! (six equal lumped masses,
L‘——»w»_——L (typical) basis.of M in CEIG analysis
and EIG case Ml).
o = 5.9371x10° kg/m3

(basis of DEM and CEM
in EIG cases M2 & M3).

On the following page, results given in Reference 4 (Patel and Seltzer)
and Reference 5 (Gupta) are compared with sclutions computed by SPAR/EIG
for the non-spinning structure, and SPAR/CEIG for the spinning structure.
References 4 and 5 do not contain all of the information necessary to
define M, K, and Kgu Accordingly, an exact comparison is not possible.

The author of Reference 5 indicated that Kg included only terms due to
axial force. SPAR-produced Kg's include effects of axial force, shear,

and moment, accounting for effects of lateral loads on torsionmal stability.
This difference in Kg'§ and possible differences in the beam torsion

constant may accourt for the differences in cesults., e.g. in the third mode.
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Frequencies (rps) of the non-spinning structure:

Ref. 4 & 5
11.21
11.26
31.11
39.23

112.94
138.19

SPAR/EIG Case M1,
six equal lumped

masses.
11.14
11.38
30.30
39.84
119.87
141.28

SPAR/EIG Case M2,

diagonal mass
matrix.

12.59
12.65
35.08
49.51
120.58
147.61

SPAR/EIG Case M3,
consistent mass
matrix

12.72
12.86
39.23
52.22
128.31
152.12

Cases Ml and M2 above differ in that the terms in the diagonal mass
matrix for the end node (point A) are one half those corresponding to
interior nodes.

Frequencies (rps) of the spinning structure, for @ = 2w rps:

The second set of frequencies (*) are results obtained neglecting Kg"

Ref. 4 & 5

9.52
7.79%

14.47
12.61%

31.44
29.84%

41.40
41.02%*

116.47
112.75%

139.81
138.21%

SPAR/CEIG

10.
7.

14,
12.

26.
29.

41.
41,

121.
119,

142
141.

07
73%

71
70*%

40
12%

79
51%

07
70%

.98

30%
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Input Data

The following runstream was used to produce the results described in
this subsection:

FETGT T,
STE TRRR-FL T,
3OUT TRE

STRET T

E0 I PO SIS

i
2 2 BUN
i
oog
T T
]
3
1
N
Ty
0

: Eae ERETEEE! Compute G and store it .
& T ELTD tn SPAR-B.
S EZS: & 2t T T 4 4: S S ok B2 7T
i 30T TOFD

30T B
FEDT ERZ
DT b
FEZET ITFLF=Z
RUSIWE S T s
CHAMGE 1V IFAF 268 e 37RO TERRF \
FRIGT TE,
SUTE IFRP=FE..I 1, ‘
SUUTE TFRF-F, 0 TF, —
30T THE

ot Topooa

B LN | BN ONRR
T
Ty

URRK]

Toy st b4 4t pd 4t Db hed hod hn b

a1 THFET T

oo Jedice 1 osnang 0 o0 JASTES 0000 0 4 1

s S 2 LT R N B ¥ B T S N - SR B |

e MRTC: 1 Fo,+3 (2% S3271e, 28 L
e ok SIWMH 1 I deRe-T 0 TedriZe=E I

o I S s

R R RS B

R MEEF: 11 = 1 D

B COMOLIZEFD 1 OZ P 405 kr g
R FMEIIIREFERAT n 13 & S8, 37
P FUOT ELT
g ESl: 1 0F 1K
33 w07 TOFD
. 30T E
i< T ERT
S SUOT b

FEIET IFIDF=:Z
ST Ty
ST OETR Cemouze modes of non-spinning
FEZET INMIT=1Z. M=FMRIZe HRFED=T structure witn M based on
six ecual lumped masses -
SPAR,ZI5 case MI.

R U

) S N

Zunstrecm contirued on rext page - .
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T T 0T

D8
D T D B D ee s e = T B 0 T

IR

1

U R N O N AR Y I IR RN B |

U U U U
IS O B ST S

o

DUCIUN N | RO R ) TR R O RO O

D

IR IR R LT

SPAR runstream for L-beam (continued):

0,

OO IO ROV | Y T N oY

R AR ]

S U N0 RN B O

0T DT

COPY &¢1  GYFO TFRAF 26 0
0T AUT —
TYIWEDD ME )
I=1 Z: J=17: 239,473405 33475418 Compute X in WIMW,
MTHU=FRODILCT cWZ FmR‘ i X - K in ¥V
Ehl= SUMck e =1, WTMW: P e fe)
AT THY
FEZET k=Kl
AT ALEE ~ VLEstablish modes of non-
TEFIME “=WIEF MDODE 1 1 1sr : sp'Lnn‘Lng structure as
E:EE :ZE %? i i =:':;: % gz ' ‘;'.':':' . | tnitial approximations
0 X T B = 400, o : o .
TRELE ‘NI=1:NJ=5": FvAL CEIG 1 1 | Z;Zf,fzf,eff the spinning
d=1<5¢ N, |
TAELE "« NI 1eMJ=sss IWAL CEIS 1 1 ;
d=1- l" 11 - __“

=0T LEIb

FEZET HIST=1. COHY=1.

-3« MHFEED==

-Compute modes of spinning

M= 1 FMATS - structure, neglecting Kg°
b= 1 Kl IFRF i
5= 1 3vFOD SFRF !
FIMW= 1 IHY W |
T ALE - Compute K
TRELE *MI=f MI=7 s JBL00 1 g
TRAM CSOUFCE=JLON e ILIM=Z« JLIM=T DTk IP=3+ |
AFPFLIED FOFCE 1 1=FFODUCT CWTMW 8L OC |
FE0T TI0L |
FEZET F=kl

FE0T RIF
FEZET EMEED=1
FEDT KR
AEDT HUE

EWEGR=ZLM W KIS0

FEDT THY

FEZET ¥=KuLlIVIi5

EARDT ROT

DIEFIME FRYEC=RFPYWELC CEIR
DEFIME IVEC=IWELD CEIR
DEFIME FYRL=FYRL CEIR
DEFIME IVARL=IWRL CEIG

Store K + K + K 1in KWKG.
e g )

-Establish modes computed
in above CEIG execution as
initial approximations for
the next CEIG execution.

- s b b
[ Y

FYEC CEIR & 1sUMHIOMFYEC
IWED CEIR & 1=UHTOMCIVED
FUYARL CEIG & 1=UNIONCRYRLD
I“AL CEIG & 1=UHI0ON Y TYRLY

0T CEIR

FETET HITT=1. CQOpw=g,

= 1 FMRIT

k= 1 KWK TFRF

= 1 3vFO ITFRF

FIMW= 1 IHMHY  FLEG
FENT M

FEOT ETR
FETET M=rgEmM
30T EIG
SEECET M=TEM

18.

—~3

Re-run EIG using diagoral mass mairix

——

Compute modes of the

HFED=E. TET=Z . spinmming structure;
| including Kg effects.
|
l
i

Re-run EIG using consistent mass matrix (Case M3).

(Case M2).

16



18.4 DAMPED BEAM

To illustrate application of CEIG to a damped structure, modes of the beam

described in subsection 18.1 were computed for two damping cases.

In Case A,

the Aamping matrix is a linear combination of M and K, resulting in modes in

which all components are in phase.

In Case B, the damping is non-proportional,

resulting in distinct pbase angles for individual eigenvector components. The

SPAR inputs, beginning after the runstream givem in subsection 18.1, are shown

below.

The damping matrices were chosen arbitrarily, but small enough that

none of the modes computed were supercritically damped.

Case A, proportional damping:

dXRT ALEZ

DAamMP= SUMC. 04 DEM, .001 K>

DEFINE ¥= VIBP MODE 1 1 1.6

FVYEC CEIG 2 1= UNION

IYEC CEIG 2 1= UNIONCQO. W

TAPLE /N.I=e>: PVARL CEIG 2 1
J=1e6: 0.

DEFINE E= PVRL CEIG 2 1

IYAL CEIG & 1= UNIDONCED

FART CEIR

FESET SET=ZsNPEQ=4.NDYN=&

FESET HIZT=1.CERAL=1

M=1 DEM

K=1 K

D=1 DARMF

KIMW=1 TNV K

STOP

18.17

Case B, non-proportional damping:

INDT AU
SYSWEC: Iimp
I=1 2 2
J=1,2: 0001 0001 L0001
DAMP= SLIMYDMP. . 0001 KD
DEFINE V= YI1EF MODE i
FYEC CEIG & 1= UNION Y
IVEC CEIG 2 1= UNIONCO. '
TRELE‘NJ=¢3: PYAL CEIG 2 1
J=1em2 0.
DEFINE E= PVRL CEIG 2 1
I¥MRL CEIG 2 1= UNIONYED
0T CEIG
FESET SET=2HPE(O=4«NDYN=S
PEYET HIST=1sCERL=1
M=1 DEM
K=1
I=1 DAmMF
FINY=1 INY K
STOF

1 18



Results for Case A, proportional damping.

The following eigenvalues were computed by CEIG.

corresponding eigenvalues

COMFLEX EIGENYALLES

ZED FERL
1 =, ZET31420+01
b ~.Eé?51ﬂku+ul
=, 13741
4 -,13741
S =, 10350
£ =, 103257

See subsection 18.1 for

computed by EIG for the undamped non-spinning beam.

ITEFRFRTION
IMRSIMHRF '1'
,quﬁ

vl. 1+

Mode 1 is shown below in polar form.

i.e.

FOLRF FOFM OF ETSEMVYECTOF 1

EIGENYECTOF MODLILLE
AO0ImMT

1 . .
s -, .
< - .
s —.4L4+UU . S
= A R L ] o=
T - BN+ .
= -1 n00+01 .

FOLARF FOFM OF E1SEMYECTOF
EISEMVECTOF FHATE AMSLET

TRHZENT OF
JOINT 1
RN

1 o o
g —.EEe-ne .
CAE I N I T .
4 =, 1S2-05 .
'5 —.:‘?."-“. -
- - 2EE-07

v ClEa=-nT

= JETE=-0T

LU DU SN ) B W

s

'[c s T T |,-_'| .

1

18.

foo Mo M I’n (0 a'.'l
I
|1.
+

2] rn rn

e
L llanlDUURN (N, of

Z IERF

IEOSSEZ+02 LRSI 021
ZENZINS+0Z 1150445
NS11233+02 LoNETELES
511 242+08 L CE1ST3CY
SA0S31E+07 1211039
SANSAZ5+07 Snisnszz

Note that all components are in phase,

o
oD
IRRRRN
[N
o
Lo
a0

Lann

0

S01+00
1 +00
S0+ 0r

=Dt AR

18

the phase angle is zero for all non-zero components.

I1D=

4 <
Ko

-1 -.113-01
- - -.ont=-01
-, ZESR=0d —_Eﬁé-ul
=, dTF=-04 -, 2E=-01
~ . 48T 0 -, IT3d-0
-, 377 =103 -, 23a3=01
—. 32 0=nd - 23k =11
ID=
3 <
I L ann
crer = -.2le-0r
L21S-0E - 1lez-0k
-.S2E=07 - EEO=07
C1EES=07 W RSE=0T
CETS=0R LASE-1e
STl =e sl =10
1z =-0k ST

i 0

=
N
XNARK
IXARRX
NN
o LI
.
YRR
AN

.

<

i -

"
o
L 00
R
o L
R
S
LN
L nn

Foe



Results for Case B, non-proportional damping.

The following eigenvalues were computed by CEIG®

COMPLER ETSEMYRLUET. TTERATION =

TER FERL IMBEIMHARPY 1IERPF
i = AZeRRCSL+NT o TAERIZ9RS+0Z L1253
R e A e A AT CTEIE14S21+02 . D32
D = Sele RTINS CSENRIOZZ+0T o3
4 = SENEZNIE+0E n;kuk1n4§+n LHE0s
S = 134235 km+ 07 LId4E1EZ0Z+04 SlEg
o=, 1448 3Te S+ 10 ,14313:H:+H4 crASE

Mode 1 is shown below in polar form. Unlike the proportional damping case,

phase angles are not constant.
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18.5 APPLICATION OF THE SPECTRAL SHIFTING PARAMETER

Two examples are presented to illustrate the use of spectral shifting. In the
first example, the problem described in subsection 18.2 is solved again using
a shift of s = 2 x 106, corresponding to 225 Hz = (2 x 100)%/ 2n. Two vectors
are iterated on, beginning with random numbers. The SPAR runstream and CEIG
results are shown below. For comparison, the CEIG output for the execution
described in subsection 18.2 is also shown. Mode 1 in the current -execution,
at 231.534Hz, was the 5th mode in the original analysis. Only one mode was
requested in the current execution, and the second mode was not tightly
converged when iteration was terminated.
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CEIG output in the analysis described in subsection 18.2 (8 = 60, ¢ = 0 case):
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In the second example of spectral shifting, Case B in subsection 18.4
(non-proportional damping) is solved again using a shift of 2.5 x 1059
corresponding to 80 Hz = (2.5 x 10%)3%/2n. Two vectors are iterated on,
beginning with vectors composed of random numbers. The SPAR runsiream and
CEIG output are shown below. For comparison, CEIG output form the original
analysis is also shown. Mode | in the current analysis, at 82.906 Hz, was
the third mode in the original analysis.
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CEIG output for Case B in subsection 18.4:
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id4.1 IrmTregou-TIoNn T SM

M MRy EE LISED TO MODIFY SINITE ELEMENT MODELT TO CTSUTE Z0OLWTION:
COMEOTEDL Evy EIR TO SEREE CLOSELY WITH USES—SREITIRIPED THRSET
EISEMUALUES AT EIFEMUECTTOR COMSONMEMT I, TeE FRIMARY AmPPL IMRTIMOMNE

INTERDED RQE ¢

i

- TE=Z13M OF STRLLITURES TO AIkIiEVE DESIRPED DVNRMIC REIPOMIE

THSPRPRITERT ZT ICT.

- FImME TUMING OF FIMITE ELEMENT MADELS TO OFTAIN ASPREEMENMT
WITHR DvMNaEsIT TEZT PESLULTS. I THIS AFre_1CARTIOMS IT IS
IMEORTAMT TO RETOSHITE THAT DIFFEREMIES FETWEEM TEST SMD
SMARLYTICAL RESIULTS FOR LIHESS TYSTEMS /OS SEMERSALLY DUE TO
Pl AN EwcESSILELY TORPEE ELEMEMT MEIH: SMD-0OR 2) ERRORT
IM ESTIMATES OF LUMEED STIFFMESI FPABBMETERS 'g,3, 1/ ESS
ELEMEMTI) . [F THE FROELEM IZ &AM ECESSIVELY TORPSE MESHS
THE EBEST SESQALUTIOM IS TO PEFIME 'THE MEIH: RATHRER THAM
GETRME OGP TO ImMTRQDMTE COMPFEMISTING ERRCRSI,

Evecuricdn CONTROL. SSRaMETERSI ARE FROVIDED TO ALLOW E=*xRPESTIENCED
HTESS TE sFELy B OTo OTHER QEJECTIVES E. . PEDEZIITH TO RLTER
ELOTHLIRE ETFEMIUSILOES .,

TeE MOPMAL SROTCEDURE FOS ISIMG =M I8 & IMNDICATED EELOMW.
1= FOPM THE EBERIIC MODEL Ev EXECWTIMG THEe ELLC E« ERTe ke IHMYs
R 15 mEpLIlET o =MD ELG.
2~ COmMRsRE THE RESLLTS FSADLCED Ev ElS WITW Twe DESISED
CRLIJES,

= llze BRITSTRELE T CSERTE DRTE TETIT COMTSIMIMG THE SOLLOWING
IHEORMAT IOMS

iq) TARABSET SIEERSLIIE AMD EDNSEMUECTOR TOMEONENTE (I 14,3, 10,
(gY JEFTMITIOMNS OF STSUICTLURRL FPRESHMETERS W~ICH M wiLL EE

PESMITTED TO SLTER (TEE 14, 5,20,
f=d DOMTRAL TRELES (EEE 1€, Z. o amD 14, 2,40,
4= EwEcuTeE M, THMOMILL MODIFY THE FOLLOWING FRITC ITELITUSSL
DEFIMNTIOM TRELES! EFs BE« ZTHs =MD FMRD ' RISID MARSS DARTSD,

S—- FE-execuTeE E« EFT Fo IMYs RIS 0 1F eERIURED '« =mp EINS.
I THE EJ5 EYECUTIOM: FPRSVUIOUTLY COMEUOTED MOLDEZ IHOULD EE

IITED ™S ITMITIAL REESOIMIATIINT .
FERPERT TTEPT 2 — S BT MNECESIARTY,

TOMYERGEMTE WILL EBE RSFID IF THE TREIETES /RS SEASOMARELE AMD THE
TTBUCTURSL. FPSPRRMETERS ARE WELL-TELECTED. Orne o Tuno Fpa<sseE=
TReOEH TM o ARPE OFTEM SIUFFICIEMNT. HoWeEER« LI T@mmaT SOMTTION

WELL IF THE STRLUCTIURE 1Z FOORLY DESISMEDLY IF LUMATTSINSELE

TRRIETS =PE SIWEMs OB IF THE STRUCTIIRAL F&RAMETERS LDEFINED DO ~NO )
SIEMIFICAMTLY IMFLIJENMIE THE STARTED THRSSETS.
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TOMTROLST ARE FROWIDEIDL FOR MIIETISe MAETSs NIEISe NIPRSRe MEARSS

SMT MNP SRS . THE =VYMEDOLS NS AND MT INDICATE SPREITRSPRY NAMES WHICH

HOF MSSENED MHEN THE DRTA SETS ~RE READ BPY =M,

Mo

TouRcE LippapRy DAaTR SET Name COMTEMTS

THE-EH 1 ER ETHE 2 e EZl se=-T. PROFS=.
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LD i ‘ALL DIRECTORIES?

E 1 (EMTIRE E=sTRTED

TOFO 1 EMAF

Elx PIME T3 VYIBR EVAL mM3IEIs Mg [NITIAL EIGSENCARLUES.

£13 MIIE TS YIER MODE mZgrs mders  IMITISL EIGEMNCECTORS,
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TTRUITUSHRL PRERAMETER,

I
i

T TREBILE MJIESRS FRER M2 MmeaPR
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Teg 14.3.4,

e
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pu-

HIIT<TRELE rosemps DRPLI

THeE PRIMARY QUTRFUT DATS SETS FRODUCED EY M ARREY IN LIBRARY |«

MantFIED ERe EE« THs amnp PMRLT TRELEZS, PeOop'=cTIOM OF THEZSE DATS
TETS CAUSES THE ORISIMASL DATA TETES HSZIMNGT THE ZAME MAMES TO EE

DISARBLED ‘MOT OWERWRITTEM) .
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14.1.1 Intermediate Operations Performed by SM

In the following, elements of the vector X are the initial values of the
eigenvalues and eigenvector components targeted as Jdescribed in 14.3.1.
Elements of P are the structural parameters. The structural changes (areas,
mements of inertia, spring constants, shell section constitutive relations
coefficients, structural weights/area, lumped rigid masses) corresponding

to a unit value of the i-th parameter are defined by the user in a data set
named PARA N2 i n4para, as described in 14.3.2. AX is defined as the change
in X due to a small change in P, AP. If the structural changes are small
enough, the following linear approximation will be useful:

AX = T AP
T is called the sensirivity matrix. The four phases of SM are:

Phase [: Xt, the vector of target eigenvalues and eigenvector components,
and X, the wvwector of initial values of the targeted quantities
are formed, based on the user inputs described in 14.3.1.

Phase 2: The sensitivity matrix, T, is formed by performing the following
operations for each of the structural parameters:

(a) Based on the contents of the PARA data set, the BA, BB, SA,
and RMAS data sets are modified to constitute a unit change
in the parameter. '

(b) AK and AM, the changes in the svstem mass and stiffness
matrices due to a unit change in the parameter are formed.

(c) The column of T corresponding to the parameter is formed as
described in 14.1.2.

Phase 3: The change in structural parameters is computed, as described in
section l4.4.

Phase 4: The BA, BB, SA, and RMAS tables are modified and stored in lib-
rary 1.

AM is assumed to be diagonal, consisting of the sum of RMAS + the svstem
diagonal mass matrix as normally computed in processor E. It is important
to RESET G= the same values in both E and SM.

Unless inhibited via RESET control, the sensitivity matrix will be stored

in librarv 1 at the conclusion of SM Phase 2, in a data set named SENS MATR
Q@ n4para.
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14.1.2 Computation of Terms in the Sensitivity Matrix

In the following discussion AK and AM are changes in the system stiffness
and mass matrices, K and M, corresponding to a unit change in a structural
parameter. The initial eigenvalues and eigenvectors are Xi and Yi; for i = |
through n. In typical applications n is usually less than 40, although there

are no fixed limitations. For the initial system,

AMY-KY=o0. (2)
For the modified system,

(X + Ax) (M + AM) (Y + 4Y) - (K + AK) (Y + AY) = 0, (3

or, dropping products of 4 quantities,

A (MY + MAY) + AA MY - AK Y - K AY = 0. (4)

Selected AA's and components of the AY's are elements of the sensitivity
matrix, T. AA and AY are determined by approximating AY as follows:

_ 1 2 3 n -
AYi- ai Yl + ai YZ + ai Y3 + . e + ai Yn . (3)

For simplicity, it is assumed that all generalized masses = ' MY =1.0.

Substitution of (35) into (4) and pre-multiplying by Y§ results in (6).

al (A, =) = an, Yo wy, o+, vSamy, - ¥R sk ¥, = 0. (6)
] i j i ] i i 7 i b i
for i = i,
t t -
AA, = Y. AK Y, - A, Y, AMY, . (7)
i i i i1 i
To maintain unit generalized mass for eigenvectors of the modified svstem,
(v +a0)° M+ aM) (Y + 4Y) = I requires that
i_, t
aj =k Y aMyY . (8)

Afrer the a;'s nave been computed from (6) and (8). selected components

of AY are readily computed using (5).
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14.4 Determination of Changes im Structural Parameters

As discussed in 14.1, the changes, X, in targeted eigenvalue and eigen-
vector compnnents produced by a small change in the structural parameters,
22 is approximated as: -

AX = T AP

In the following,

Xt = The vector of target eigenvalues and eigenvector compomnents,
X = The initial values of the targeted quantities,
.t
= 3 ... X and
( XX, Xy n)» and ,
. t
E = The target tolerance vector = AX =~ (Xt - X) = (e1 e2 ¢ en).

The basic problem is: given S¢s Xy and T, find rthe "best'" AP. There are
many possible approaches to the sclution of this type of problem, involv-

ing weighting of the performance, a function of E, and the 'cost,'" a
function of AP. Users mav either (a) employ the method implemented in
SM Phase 3, as described in 14.4.1, or (b) compute AP outside of SM using

any method appropriate to their particular problem, as described in 14.4.2.

14.4.1 Computation of DP in SM Phase 3

"he method implemented in SM Phase 3 is substantially the same as the one
described in the following reference:

Collins, J. D., Hart, G. C., Hasselman, T. K., and Kennedy, B.,
"Statistical Identification of Structures," AIAA Journal, Vol. 12,
No. 2, Februaryv, 1974, pp. 185 - 190.

Iin the following discussion, n = the number of targets and m = the number
of structural parameters. N is an n bv n diagonal matrix, with diagonal
cerms my; = l/xy. Through th2 i1nput data sets described in 14.3.3, the
user delines the m diagonal terms of the diagonal matrix Srrs and the n
dlagonal terms of the diagonal matrix Sge:

"2 ) "2 i
rl 0 0 Sy 0 0
“ . 2
10l 0 0 s, 0
A LR
s =.0 0 = g =0 0 s}
T | ee
| 2 2
| T ®
: m 0
L - -



Two methods are provided:

If RESET NSEE= 0 (default), the si's are interpreted as standard devia-
tions of ei/xi, and the parameter change vector is computed as follows.

AP = G N (Xt -~ %), where

- t t -1
G = srr {NT}~ { (N T) S_r NT) + see}.

Q=1 -G (NT) = accuracy measure.

If RESET NSEE= 1, the si's are interpreted as standard deviations of the
ei's, and the following procedure is implemented.

AP = G (Xt - X), where

=5 Tt (Ts T +s )b
rrY rY ee

Q=1-GT

In the special case, n = m, all of the si's should be set equal to zero,
and the ri's set to any non-zero values. In this case, the above
reduces to:

4p = T}

(Xc - X).
A special RESET control, NUDP, is provided to furnish access to inter-
mediate results produced by SM Phase 3, including the G and Q arrays.

14.4.2 Computation of DP outside of SM

The parameter change vector computed in Phase 3 is stored, for use in
Phase 4, in a temporary library (see RESET NUVX) in a data set named

DP SM n3eig n4eig. The same temporary library contains X, and X, computed
in Phase 1. Users may substitute procedures of their own design for

Phase 3, as illustrated below.

@XQT SM

RESET NPARAS= nparas, etc.

RESET NUVX= 2§ Retain X , X in a non-temporary (.LT.21) library
OPER= 1 1 0 0$ Execute oOnly Phase 1 and 2

@XQT AUS

Using T from library ! (data set SENS MATR O né4para),and
Xt and X from library 2 (data sets TARG and X),

compute AP and store it in library 2 in a data set named DP SM n3leig néeig.

P <

@XQT sM
RESET NPARA= nparas, NUVX=2, - - - : OPER= 0 0 0 1$ Execute Phase 4, ounly.
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14.5 FHreerLIcaTION TECHMIDUES
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THRE ORDER OF THE MADES COMEUTEL Bv ElIS. paaTICLL_A&RLY IF THE
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BREE THEOUEH LM e TEECOME T THE E=TH RETER THE ME«T B&I0,

m
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19. SYSTEM MODIFICATION

Modification of the finite element model shown below was performed to
illustrate the rfunction of processor SM. Input data defining the initial
conrigurarion and the data sets required bv SM are listed on the following
pages. In the initial configuration, each of the three lines in BA courres-
ponds to an identical 1 x 2 solid rectangle. Each of the three system
modification parameters defined via the PARA data sets involves simultan-
eous changes in both rigid mass distribution and in section properties.

All of the BA changes correspond to a .03 magnification of the cross sect-
ion. All of the SA changes correspond to a .03 magnification of thickness.

17 . Ba#3 05
BA#2 BA#2
2 11 12 13
? // ~<
| sa#2 " sa#2
i s -
| - |
) L BA#1
> 6 T BA#L
3 4
— .
BA#1 . Ba#1
/
/////
—~
— X —
1 2

Two passes were made through SM, with the following results:

Target Initial After 3M After

Targect Value Value = Pass 1 Pass 2
Eigenvalue, mode 3 32.3 26.8 31.9 32.4
Zigenvalue, mode 4 105.0 76.5 102.9 105.0
Mode 1, joint 9, . 156 .168 .157 .156
direction 1

Change, parameter 1 2.713 . 1806
Change, parameter 2 3.669 .200¢4
Change, parameter 3 4.690 .3631
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The SPAR runstream for the initial model is
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Data sets requied by SM,

0T RS

the SM control statements, and the runstream
to recompute the modes of the modified structure are shown below:

THELE "MI=S«MJ==0: PRAFAR TM | 1
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=, 1. .12S50 4, 4,
S, 1. 18550 &, &,
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12, F.o o .02045 1, 3.
12, 11, .0204S 1, 2.
12, 132, nzngs 1, =,
THELE ‘NI=SN.J)=132": FRER =M 2 1
J=1e132 3, . LHREDSD 2, =3,
Q. 2. 12550 4. 4,
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9, 2. 12550 3, 3.
S I N T £ = N R R
2. 20 J1E2550 o4, 4,
- IR IS bl L SN 3N
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SecTion 1

INTRODICTIDN

1.1 NEW USER DRIENTATIDN

To EXPEDITE LERAPNING WHAT THE SYSTEM CAN DO AND HOW IT IS
EXECUTEDs IT IS RPECDOMMENDED THAT NEW USERS PPOCEED AS FOLLOWS?®

— CRREFULLY READ ALL DF SECTION 1.2.

- SCAN THE TRELES OF CONTENTS OF VoLume 1s VYoLume 2 (THEORY) »
ND YoLuME 3 (DEMOMSTPRATION PROBLEMS) .

p (7Y

— Secanm SECTIDN 2. CRPEFUL RERDINGs PARTICULARLY OF
SECTION 2.9+ MARY RE DEFERRED. HOWEWVERs MUCH OF THE BRSIC
TEPMINDLDGY INTRODUCED IN SECTION 2 IS USED EXTENSIVELY
THRDOLIGHOUT THE SPAF REFERENCE MANLAL .

-~ BRIEFLY EXAMINE THE DEMONSTRATION PROELEMS IN VOLUME 3 DF
THE SPAFP ReEFeErReENCE MANUALS PARTICULARLY EXAMPLE 1.

-~ FREAD THE PRERMELE OF SECTIDN 3+ AMD SCAN THE PEMAINDER
FOP ~N DOVEPRIIEW OF HOW VvRRIOUS ASPECTS OF EBASIC STRUCTLURE

DEFINITIOMS PRE ACCOMPL ISHED.

- Sren SECcTION 4 TO LEARM HOM SYSTEM STIFFNESS MATRICES ARE
FOPMED ANDY FACTORED.

- PEAD SECTION 2.5 AND S.1.3 TO LERPN HOW TO USE SPHR =

SEMEPRRAL—PURPOSE DATH ENTRY FACILITIES,
- READ SECTION 5 TDO LERRM HOW TO PERFOPM STATIC ANALYSIS.

—- READ SECTIONE 7 FAMD 5.3 TO LEARRN HOW TO PRODUCE TRAEULAR
PISPLAYS OF THE RESULTS DF STATIC AMRALYSES.,

- PEAD THE . DESCRIPTIDOMNSE DOF THE GRAFHTICS PROCESSDRS.

- SrArM THE PEMAINDER OF TECTION D.1 ‘HRITHMETIC LricrTy
TySTEM? s TO LEARN HOMW TO FORM LINEAR COMPINATIOMNSE OF
ZySTEM MATRICES: COMEINE SOLUTIONSS ETC.

— RrAM THE PEMAIMDER DOF THE MANUAL TO GET A GEMERAL VEIW OF
THE FUNCTIOMS OF ALL PROCESSORS.

ALTHOUEH SPRRP MAY EE EXECUTED IN BRATCH MODEs IT 1S RECOMMENDED
THART THE USER TAKE MAXIMUM apvANTAGE OF SPAR7 s CAPARILITIES
THROUSH THTERACTIVE OFERATION. To pOo €Os IT WILL EBE

MECESSARY TO EECOME FAMILIAR WITH THE TEYT EDITING AND FILE
MARMIFPULATION FACILITIES (E.S. CATALOGING PEPMANENT FILES!
pISH—-TD—TRFE COFIES) ETC.) DOF THE HOST DPERPATIMNG SYSTEM.

1.1-1



m

1.2 SPAR OVERVIEN

SPAR 1S A SYSTEM OF PROGRAMS LSED PRIMARILY TO PERFORM

STRESSY EUCKLINGs AND ITBERATIONAL RNALYSITSE OF LLINEAR FINITE
ELEMENT SYSTEMSE . THE ELEMENT REPERTOIRE 1S SUMMARIZED IN

TarLe 1-1.

SPAP FUNCTIONS EFFECTIVELY IN RBOTH ERTCH AND INTERACTIVE
DFERATION, MDsY PRORLEMS ARE SOLVED THROUGH A COMEINATION OF
ERTCH ANT INTERACTIE DPERATION: LISING SRAPHIC TEPMINALSY LOW™
ZFPEED TELETYPESs AND HIGH—SPEED PRINTERS WHERE RPPRDOFRIATE.

EFFICIENT SPARSE MATRIX SOLUJTION METHODS PROVIDE LOW
MINIMAL CENTRAL MEMORY RERIJIREMENTSY AND

EXECITION COSTS .
PERPMITTING VERY FINE MESHES TO EE VXET.,.

LRARGE S1ITE CAPACITY.

STATICY BUCKLINGY AND IVITBRATIONAL FROELEMS IN THE 10000 TO
20+ 000 DEGREE-DF—FREEDOM PANGE ARE SOLVED RPOUTINELY. CAPACITY
0. 1} DnESREES-OF —~FREEDDOM.

oN MOST psrwee 1100 sysTEMS EXCEEDS

On bnteeme svseTeEms SPAR 1S AN ARRARY 1K SEFRPRTE AEBSOLUTE
PROGPAMSs CALLED “PROCESSORS" IN THIS MANUSL . FiaNncTIDNE
OF THE PPROCESSORSE ARPE EBRIEFLY SUMMRRIZED IN TABLE 1—c.
PRDrESSDRS DETRIN INFUT FROM TWO SOURCES:

—- llzep INFUT RECORDS FROM CRRADS OF TERPMINALES.

— A DpATA FRSE CONSISTING DF OME DOF MOPE PANDOM—ACCESS
"L TERARIESS " MITHIN WHICH MAY RESIDE AMNY NLUMEER OF
MAMED "DRTAR SETS” PRODIIED EY DOTHEPR IPHF PROCESSOPRS.

TPHR PROCESSORE DO NOT HAYE TO EE EXECUTED IN AMY PAPRTICULAR
ORTER+ FROVIDED ALL MECESSARY SOURCE DRTA SETS PESIDE IN THE
DEsTH BRSE. Emare PROCESEOP ALTOMATICALLY EXTRACTS FROM THE

LETA PRSE ALL MOF THE DARTA SETS 17 RERUIRES:® AMT INSERTS INTOD THE
PETR BASE THE NEWLY—-SENERATED DATH SETS. litepPLAY PPROCESSORS ARE
FROVIDED TO PEPMIT THE USER TO SELECTIVELY DPISPLAY AMALYSIE
BESLILTS FPRDOM THE DATR ERSE. THE 1LISER DOES NOT HAVE TO EE
FONCERMED WITH THE INTEPMAL CONSTITUTIDN DOF THE LIEPPAPIES: DOPR
THE DETARILS OF HOW PPOCESSORS COMMUNICATE WITH THE DATFA EASE.

FESTRPTING 1= TDTALLY AITOMATIC. THE WJZERP SIMPLY PE—ATTRACHES
THE FILEs DP FILESS COMTAIMNIMNG THE DATA EASE AND REZUMEZS
EXECUTION AS THOWGH THE FPRIORP PRPIUM HAD NMOT TEPMINARTED.



ON UNIVAC SYSTEMSs TYPICAL RUNSTREAMS APPEAR AS SHOWN
peLOW. TAE AND ALUS are MAMES OF Two SPAF PROCESSORS. AL

~ =

INPLIT 1S FPRPEE-FIELD (SEE SECTIDON 2.3,

Carn IMAGE MEANING

+XQAT THE BEGIN EXECUTION DF PROCESsSDOR THE.
DPATHAR CAPD INFUT CONTENT FOR INDIVIDURL

DRATAR CARD PROCESSOPS 1€ DESCRIRED IN DETAIL
DATA CAPD i “orome 1 oF THE SPAR ReErF. MANLAL.
DATA CAPD MaNyY PROCESSOR EXECWUTIONS RERUIRE NO
TATR CAPD INPIIT,

*XIT AUS EEGIN EXECUTION DF PROCESSOR HLUL,

DATA CARD
DARATAR CAPD
IARTA CARD

On TDC SYSTEMS: THE EMTIRE IPAF SvYySTEM SUALLY RESIDES IM A
ZINSLE RESOLUTE PPROGRAM CONFIGURED TO SIMULATE INTIVART OFEPATION.
AT MOST INSTALLATIONS: THE NAME OF THE FRIMARY ARSOLUTE FROGRAM
FILE 1= TPAR. CIT INPIUT PECDRDE APPERR AS FOLLOWS:S

+XT THE

oDARTAR CARD
DATA ZTAPD
DPATA CARD

eXNT AIE
IATR CARD
DRTA —APD

229 (END OF INFLUT RECORD)

~

ro
|

o



TRELE 1-1: SPAFR ELEMENT REPERTOIPRE.

See Yorume 1
Hamne DNESCPRIPTION SECTIDNS:

E21 GENERAL STRAIGHT BEAM ELEMENTS 3.1.72 = 9
SICH AS CHANNELSs WIDE—FLANGESS
ANGLESs TURESs ZEESy ETC.

ECS BeEAMS FDOP WHICH THE INTRINSIC 2.1.10
STIFFMESS MATRIX 1S GIVEN.

Ec2 Erp — AXIAL STIFFNESS DONLY. 3.1.11

Ec4 PLANE RERAM. z2.1.1¢c

E2S ZERO-LENGTH ELEMENT WUSED TD ‘ 2.1.10

ELARSTICARLLY CONNECT GEOMETRICALLY
COTNTIDENT JOIMTS.

TLHO~DIMENS IONAL (ARERA) ELEMENTS " 3.1.13

EZ1 TRIANGULAR MEMEBRANE.

E3Z TRIANGILAR PLATE.

EZZ TRIANGULAFP COMRINED MEMBRANE AND
EENDINS ELEMENT.

E1 DUARDPRILATERAL MEMERANE.
Ed4Z QUADPILATERAL PLRTE.
E43 MURDPILATERAL COMEINED MEMERANE AND
BENDING ELEMENT.
E$4 DUSBTRILATERAL SHEARP PAMEL. 3.1.14
THEEE—DIMEMS IONAL SOLIDS: 3.2.28. 23
341 TeETRAHEDRON YPYPRAMIIOI .
el PEMTAHEDRDN (WEDGE) .
=21 HEXAHEDROM (ERICK).
COMFRESSIPLE FLUID ELEMENTSS 1c. s A.2.2.2
Fd1 TETRPAHEDRON (PYRAMID! .
Fri PENTAHEDROM (WEDGE) .
Fal HEXAHEDRON (ERICKD .
MoTE=®

- TEE SECTION 7.2 FOF EXAMPLES OF STRESS DUTPIT.

- Tpe YoLume 2 (THEDRY) FDP ELEMENT FORPMULATION DETRILS.

— AEDLDTRPDFIC COMETITUTIVE RELATIONS FEPMITTEDs ALL RRER ELEMENTS.
— LAMINARTED CPROSE ZECTIONS FPERPMITTED For E33s E473.

— MEMERFAMEZFENDING COUFLIMNG PERMITTED FOP E33« E473.

— E41s Ed42s E4Z. E44 mAy EE WARFED.

— AEDLOTROFIC COMETITUTIVE RELATIONS PEPMITTED ror 3—-I spoLIDE.

- NOM—STRUCTURAL MASS PEPMITTED FOR LINE AND AREA ELEMEMNTS.



TAeLE 1-2:

NAME AND
SECTION

FEFERENCE
TAE 3.1
ELD 3.2
E 2732
EKS 3.4
TOPOD 4.1
K 4.2
M 4.2
KG 4.4
FS<M ie

INY 4.5

SPAF Prpressor FUNCTIONS.

FuncTION

TRANSLATES USER INPUTS INTO DATR SETS CONTRINING
PASIC TARLES OF INFORMATION SUCH AS:?

- JOINT LDCATIONS.

- MATERIAL CONSTANTS.

- ELEMENT SECTIDN PROPERTIES.

— JOINT PEFERENCE FRAME ORIENTATIDNS.
—- CONSTPAINT CONDITIONS.

- RPIGID LUMPED MASS DATA.

(Seg SECTIDN 2.1 FOP A COMPLETE LIST)

PRODUCES DATA SETS CONTARINING BASIC ELEMENT
DPEFINITIONSs I.E. CONNECTED JOINTSY INTEGERS
POINTING TO AFPPLICRERBLE LINES IN TARRLES DOF SECTION
PROPEFRTIESY MATERIAL CONSTRNTSs ETC.

GENERPRTEES A £YSTEM DF DATA SETE CALLED THE “E—-sTARTEY
CONSISTING OF INDIVIDUAL ELEMENT INFORPMATION PACKETS
CONTAINING DATA SUCH RS ELEMENT GEOMETRY (DIMENSIONSY
DRIENTATION?s AND LITERPAL SECTION PROPERTIES.
E ALSO FOPMS THE SYSTEM DIAGONAL MASS MATRIX.

COMPILTES ELEMENT STIFFNESS AND STRESS INFLUENCE
MATRICES: AND INSERTS THEM INTD THE “E-sTRTE’.

ANALYZES ELEMENT INTERCONNECTION TOPOLOGYSs AMD
FRODUCES DATR SETS USED TO GUIDE DTHER SPAR PrROCESsDORS
IN FORMING PND FACTORING ASSEMELED SYSTEM MATRICES.
FOPMES SYSTEM ELASTIC STIFFNESS MATRIX.

FOPME SYSTEM COMSISTENT MASSE MARTRIX.

FOPME SYSTEM GEDMETRIC (PRE—STPESS) STIFFNESSE MATRIX.

FDRMS SYSTEM MATRICES (DILITRTIONAL STRAIN ENEPRPGY:*
GRAIVITATIDNAL ENERGYs MKINETIC ENEPRGY) ASSOCIATED WITH
FLUID ELEMENTS.

FRCTDORS SYSTEM MARTRICES IN SPAR‘s STANDARD SPAPZE-
MATRIX FOPMATs E.G. Ko K+Kse K—rcM,



TapLE 1-2

NeME AND
SECTIDN
REFERENCE

ALIS 5.1

m
D
=z
T
(03
ny

5SF 7.1
PSF 7.C
EIG <
CEIG 12
LF <

SPAP Pppcesspor FuNncTions (ZONTIMNUED) .

FuNcTION

THE AR 1THMETIC UTILITY SYSTEMY COMPRISED OF AN RRRAY
OF SUPPROCESSDRE IN THE FDLLOWING CATEGORIES:

— DATA SET CONSTRUCTDRSs PROVIDING A GENERAL MEANS
OF FURNISHING INPUT DATA FORP use ey SPAR. APPLIED
LOAD DATA OF ALL TYPES (MECHANICALS THERMAL?
PRESSUREY DISLLDCARATIONALY TRANSIENT I\YNRMIC) Is
USUALLY DEFINED VIA THESE SURPROCESSORS.

— MATFIX ARITHMETIC OPERATIONSs E.G. SUMSy PPRODUCTS-s
LIMNIONS . ' :

- SPECTIRL FUNCTIONSSs INCLUNING SUPPROCESSORS USED
iN PERFOPMING SURSTRUCTURE ANALYSIS.

COMPUTES FIXED—JDINT FORCES RSSOCIATED WITH THERMALS
DISLOCRTIDONALS AND PRESSURE LOADING. ComPuTES
ELEMENT GENERALIZED INITIAL STRAIN ARPAYS.

COMPUTES JOINT MOTIDNS RND REACTIONS DUE TD STATIC
LORDING.

PRODPUCES DATAR SETSE CONTARINING ELEMENT STRESSES AND
INTERNRL LDORDE. GSF 1= UsED TDOD COMPUTE ROTH STATIC
FBND DYNARMIC STRESSES.

PEODUCES TARULAKE STRESS PEPDRTS FROM DATA SETE
GEMERATEDR BY GSF.

SHLWES HIGH—ORIDER EIGENPRIORLEMS INUVDOLVING SYSTEM
MATRICES IN SPRR‘s =sPARSE MATRIX FORMAT. User TDO
SOLVE POTH VIPRATIONAL AND BUCKLINS EIGENPROEBLEMS.

COMPUTES COMPLEX MODES AND FREPUENCIES OF DAMPED:
SPIMNING STRUCTURES. SYSTEM MATRICES ARPE IN SPARP <
ZTAMDARD SPARSE MATRIX FOPMATs PERMITTING FANALYSIS
OF SYSTEMS DF VERY HIGH DOFDER.

COMPUTES LINEAR TRANSIENT MODAL RESPONSE.



TaRpLE 1-2°¢

NAME AND
SecTI1ON
REFERENCE

SYN 11.2

W

STRPP 11.

SSET 11.4

[F]
3

14

PLTR 10

PLTR 10

VYPRT 5.2

SPAF PpOceEscsporP FUNCTIDNS (CONTINUED) .

FuNncTION

SYNTHESIZES sYSTeEM M AND K FROM SUBSTRUCTURE DATA
IN THE FORM PRDODUCED BY AUS SUPPRDCESSORS SSPREPS

SSMs AnDp SSK.

GENERPAL PURPOSE EIGENSOLVER?®
MARTRICES. Usep PRIMARILY IN RANARLYZING SYSTEMSE

SYNTHESIZED BY SYN.

SURSTRUCTURE PRCK—TRANSFORMATION PROCESSOR.
COMPUTES JOINT MOTIONS IN INDIVIDUAL SUBSTRUCTURES
FPOM SYSTEM STATE DATA IN THE FOPM GENERATED PBY
SYN anp STRP.

EM ALTERS THE
TO CRIUSE MODES

THE SysTem MopiFicARTION PROCESsODR.
PRSIC DEFINITION OF THE STRUCTURE
AND FRERUENCIES TO APPROACH TARGET IVALUES DEFINED
PY THE USER. TYPICAL APFPLICATIONS INCLUDE TUNING
FINITE ELEMENT MODELS TO AGREE WITH DYNAMIC TEST

PESULTSs AND DESIGN DOF VIBRATION ATTENUATORS.

TRANSFORMS USER INPUTS INTO DATA SETS DETRILING THE
COMFOSITION OF PLOTS TO EE PRODUCED RY FPLTE. :
UNDEFORMED STRUCTURES

Peopuces PLOTS DF DEFOPMED DR

ETRESSESs ETC.

PRINTS REPORTS DF DATA IN SPAR‘s SYSVEC (sysTEM
VECTOR) FOPMAT: E.G. STATIC DISPLACEMENTS
PERCTIONS: VIPPRATIDNAL DP PBLUCKLING EIGENIVECTORSE.

THE DATA ComPLEx UTIiLITY PROGRAM. DCU reERFDOPMS
UTILITY DPERATIONS SUCH AS PPINTING DATA PBASE
TARELES OF CONTENTSs COPYING DATR SETS FPOM FILE
TO FILEs PRINTING SELECTED ITEMS FROM DARTR SETS:»
AND TRANSFERRING DATA TO DR FROM PRDOGPAMSE OUTSIDE
THE SPAR sYysTEM.

PRINTS DESIGNATED PRRTE OF SPAF-FDPMAT SYSTEM
MATRICES.

FULL MASS AND STIFFNESS



CECTIDN 2

BRASIC INFOFRMATIDN

THIS SECTION PRESENTS PRSIC INFORMATION AND DEFINES -TERMINOLOGY
USED THRDOUGHOUT THE SPAR REFEREMNCE MANUAL.

2.1 REFERENCE FRAME TERMINOLDGY

THE TEPM "FRAME K" WILL PE USED TO REFER TO THE GLOBAL
FRPAME (K= 1)« DF TDO ANY RALTERNATE FRAME (K= 2y 3Zs 4y — — )
THE ANALYSET ELECTS TO DEFINE: AS DESCRIPED IN SECTION 3.1.4.

ERCH JOINT IN THE STRUCTURE HARS ASSOCIATED WITH IT A UNIDUE
“JIOINT REFERENCE FPAMEs  TO WHICH ALL JDINT MOTIDNS ARE RELARTIVE.
THE DPRIENTRTION OF INDIVIDUAL JOINT PEFERENTCE FRAMES 1S
PPESCRIRED PY THE USERs AS DESCRIPED IN Section 3.1.6.

EACH ELEMENT HAS AN ASSOCIATED "ELEMENT PEFERENCE FRAMEs ~ TO
WHICH SECTION PROFPERTIES AND STRESSES ARE PELATIVE. THE
VSER PRESCRIRES THE DRIENTATION OF ELEMENT REFERENCE FRAMES)
AS DESCRIRED IN SECTION 3.2.

[\
|
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2.2 THE DATA COMPLEX
The data complex may consist of any number of files considered appropriate

to a particular application. There are two kinds of files, namely:

[ SPAR-format direct-access libraries, resident on random-access
devices (disk, drum). Libraries are the media through which programs
in the SPAR system are able to communicate. Users often elect to house
the entire data complex in a single library fil’e.

¢ Sequential files, resident on tape, drum, or disk. A large percentage

of SPAR runs do not involve any sequeniial files. They are primarily
used to store libraries on tape between runs. See Section 5.2, TWRITE
and TREAD commands. These files are also used to communicate with

programs outside the SPAR system. See Section 5.2, XCOPY and XLOAD.

Files are known by SPAR logical file numbers: 1,2, ...,26. These are
not Fortran logical unit numbers. The corresponding UNIVAC file names are SPAR-A,
SPAR-B, ..., SPAR-Z. The corresponding CDC file names are SPARLA, SPARLB,
..., SPARLZ. If a SPAR program must use a file which does not already exist, it will

generate internally the necessary requests to the host-operating system to assign

(i.e., create) the file as a temporary file resident on random-access storage. The fol-
lowing examples illustrate the correspondence between UNIVAC external file names,

internal file names, and SPAR logical file numbers.

2.2-1



TecTIOM 2
STRUCTURE DEFINITIDHN

To DPEFINE THE PASIC FINITE ELEMENT MODEL DF THE STRUCTURES THE
USER PPROCEEDS AS FOLLDOKWE.

-~ ExecuTe TAR TD DEFINE JOINT LOCATIONS: JOINT REFERENCE FRAME
DFIENTATIONSs TABLES DF SECTION PROPERTIESs AND DTHER BASIC
FOMPONENTS OF THE PROELEM DEFINITIONs AS SUMMARIZED ON TABLE
TAR-1 1N SeEcTIDN 2.1.

- ExecuTe AUS/TABLE TO GENERATE TRELES DF SECTIDN PROPERTIES
FOP THREE-DIMENSIONAL SOLID AND FLUID ELEMENTS: TF RERUIRED>
AS DESCRIPED IN Section 2.2.2.3.

- Execute ELD TD GENERATE DATA SETS CONTAINING PRSIC ELEMENT
DPEFINITIONSY I.E. COMNECTED JOINTSs INTEGERE POINTING TO
APPLICAEBLE LINES IN TAPLES OF SECTIDN PRODPERTIESY ETC.

- ExecuTeE ' E TD GENERARTE R SYSTEM DF DARTA SETS CALLED THE
“E-cTATEs "CONSISTING DOF INVIVIDUAL ELEMENT INFORMATIDN
PACKETS ~ONTAINIMG DATA SUCH AS ELEMENT SEOMETRY (DIMENS IONSS
ORIENTATION) s AND LITERAL SECTION PROPERTIES.

E ALSD PRODUCES THE SYSTEM DIAGONAL MASES MRTRI X.

~ EKS 15 EXECUTED TO COMPUTE INDIVIDUAL ELEMENT STIFFNESE AND
STRESS RECOVERY MATRICESs AND INSERT THEM INTO THE E-=sTATE.

FLL DOF THE PRASIC STRUCTURAL DEFINITION DPARTA SETE PRODUCED AS
OUTL INED AEDOVE SHOULD PE PETRINED 1IN LierARY 1,

W
|
—t



L1l TAB/
TEXT
MATC
) NSW
3.1.1 TEXT

The TEXT subprocessor gives the analyst a means of embedding in the output
library a data set containing alphanumeric text descriptive of the -analysis
being performed. Each card has a 4/8 punch in column 1, followed by a 60-
character alphanumeric string. The contents of TEXT data sets may be
printed using the DCU/PRINT command.

3.1.2 MATERIAL CONSTANTS (MATC)

MATC generates a table of material constants. The data sequence on the card

defining the k-th entry in the table is k, E, v, p, al, az, 8, where

E = Modulus of elasticity
vV = Poisson's Ratio
p = Weight per unit volume
al = Thermal expansion coefficient, direction X
a, = Thermal expansion ceefficient, direction y
& = Angle between axes of element reference frame (x,y) and (xX,y).
Element reference frame orientation is discussed in Section 3.2.
7 Y s ' €- = Q temperature
X " U '
- =0, . ature
Ey 2 temperatu
8
b v O
If 6 is omitted, the program sets 6 = 0. If a, is omitted, the program

sets 0, = Q) (isotropic material). © must be given in degrees.

Reference is made to entries in the MATC table in input to TAB/SA, and in
element definition input to ELD.
3.1.3 DISTRIBUTED WEIGHT (NSW)

A table of non-structural distributed weight parameters is defined. The data
sequence for the input card defining the k-th entry in the table is k, W, where

for 2-node elements, W = weight per unit length, and

for 3 or 4-node elements, W = weight per unit area.

Non-structural weight attached to specific elements is defined in processor
ELD by pointing to entries in the NSW table.

L13A 3.1.1-1



TAB/
MREF

3.1.7 BEAM ORIENTATION (MREF)

Each two-node element has an '"element reference frgme“
associated with it (see processor ELD discussion). Beam section
properties, stresses, etc., are defined relative to these frames.
The 3-axis of the frame is directed from the beam's origin to its
terminus. The origin and terminus are the ends connected to joints
J1 and J2, respectively, as defined in processor ELD. The beam

end points coincide with J1 and J2, unless offset by rigid links defined

via the BRL sub-processor.

Entries in the table produced by MREF are used to define
the orientation of beam axes 1 and 2. Usually a single entry in this
table will apply to many beams. Either of two data sequences may be

selected through FORMAT control, as indicated below.
1f FORMAT=1 (default), the data sequence defining table entry

k, nb, ng, isign, ¢
The above indicates that c¢ is the cosine of the (smallest) angle between
beam axis nb and global axis ng. Legal values of nb arel and 2, and
ng may be 1, 2,or3. The parameter isign resolves a possible ambiguity
by indicating whether the cosine of the angle between beam axis (3-nb) and
global axis ng is positive or negative, with values of +1 and -1 indicating

positive and negative, respectively. Examples are shown below.

3.1.7-1



TAB/
MREF ‘1 1

nb, ng, isign, and c are nb, ng, isign, and c are
1, 3, -1, and .9 1, 3, 1, and .9

In both of the above cases the cosine of the angle between beam axis 1
and global axis 3 is .9, and isign defines the sign of the cosine of the

angle between beam axis 2 and global axis 3.

In about 95% of the cases c¢ is either 1.0 or . 0.

Care should be taken to supply meaningful information. For
example, if beam axis 3 is parallel to global axis 2, it is useless
to state that the cosine of the angle between global axis 2 and beam axis

1 (or 2)1is zero.

In FORMAT=2, the data sequence defining table entry k is

k, il, Xps Xye X
The above indicates that beam axis orientation is determined by the
location of a 'third point', located at (x, x,, x3), as illustrated below.
The x's are in rectangular components, relative to any frame defined
in ALTREF. The NREF=n command may be used to switch to frame n

(default is frame 1), anywhere in the input stream.

L13A 3.1.7-2
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TAB/
BA

3.1.9 E21 SECTION PROPERTIES (BA)

BA generates a table of section properties to which reference is

made during definition of type E2l elements in processor ELD. Nine

" classes of cross section are allowed.

The first word in each input record is a typeless word (e.g. BOX,
TEE, etc.) identifying the class. A single card defines a table entry,

except for DSY which requires two cards. Data sequences are as indicated

below.

BOX k, bl,tl, bz,tZ

TEE k, bl'tl’ ,bZ’ t2

ANG k, bl’tl’ by, t,

WFL k, byt b,, t,, bj,tg

CHN k, bl’tl’ 2 tz, b3,t3

ZEE k, bl’tl’ bZ’ tZ' b3,t3

TUBE k, inner radius, outer radius

GIVN k, Il,al, I, oy, 2, f, fl' Zys Zp &

DSY k, 11,01, IZ’ ay, 2, f, fl (card 1)
Qs 9> 930 Y10 Y120 © 7 " Va1r Y42 (card 2)

In the above, k identifies the table entry number. The b's and t's are

cross-section dimensions defined on Figure BA-1.

In all cases the origin and terminus of the beam (see discussions

of MREF, BRL, and ELD) coincide with the section centroid. For GIVN

3.1.9-1



TAB/
BA

and DSY sections,

Principal moments of inertia. For DSY sections, principal
axes must coincide with the element reference irame axes.

Transverse shear deflection constants associated with Z[1
aud I,, respectively. For no shear deflection, set oy

¥
equaf to zero.
cross-sectional area.

Uniform torsion constant. For uniform torsion, torque =
Gf x (twist angle/unit length), where G is the shear modulus.

Nonuniform torsion constant, accounting for flange-bending
effects on torsional stiffness, etc.

Shear center = centroid offsets.

Inclination of principal axes relative to the element
reference frame (see Figure BA-1). 6 is in radians.

Use of the above quantities in calculating element stiffness matrices

is discussed in Volume 2. Items given on the second card defining DSY

sections have the following meaning:

q19 qz

| ‘ 93

Yi1° Y52~

Section shape factor such that maximum shear stress due
to V., a shear indirection 1, is =V, q,. g, is similarly
defihed.

Section shape factor such that maximum stress due to
twisting moment T is T.q3.

Liocation, relative to the element reference frame, of the
i-th point at which My/I combined bending stresses are to
be computed. Up to 4 such points may be prescribed.

* In the notation of Volume 2, section A,

1 C = Gf, and

Cl: Efl

! L13A
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3. ELDI — ELEMENT DEFINITION PROCESSOR

FuncTion — ELD FOPME DATA SETS CONTAINING ELEMENT DPEFINITIONS.
ELEMENTS MAY BE DEFINED INDIVIDUALLY DR THROUGH AN ARPAY OF

MESH GENEPRATOPRS, AM ELEMENT IS DEFINED BY (1) ESTARBLISHING THE
JOINTS TO WHICH IT 1S CONNECTED® AND (2) IDENTIFYING APPLICARLE
LINES IN TABLES OF SECTION PROPERTIESs ETC.s WUSUALLY PRODUICED
e1THER IN TAER pp 1N AUS-/TRELE. As ELD INPUT IS PROCESSEDY CHECKS
ARE PEPFDORMED TD DETECT ERROPS SUCH AS PEFERENCES TO NONTEXISTENT
LINES IN SECTIDN PPROPERTY TAREBLESY NONTEXISTENT JOINT NUMEBERS:
ETC. Howewer+s ELD DOES NOT EXTRACT DATA FROM ANY SOURCE DTHER
THAN ~ARD IMPUT. HACCORDINGLYs IT IS MNOT NECESSARY TO RE-EXECUTE
ELD eFTEP EFCH TARAE EXECUTION' UNLESS JOINT NUMEERS OR SECTION
TAELE LINE MNUMEBERSY ETC.v HAWYE EFEEN CHANGED.

Fop puRPDSES DOF ExFLAINING ELD INPUT RULES: WE WILL CONT
=ziper ELD TD BE COMFRISED DF AN ARRSY OF SUERPRPOCESSORSs DNE
FOR EACH ELEMENT Type (E21s Ec2cs — - =3, THE FUNCTIDN DF EARCH
SURPROCESSOR IS TO READ INPUT CARDS DEFINING ALL OF THE ELEM—
ENTS OF THE DESISNARTED TYPE:. EArH SUEPRDOCESSOR 1S ENTERED RY
aM INPUT RECDORD STRTING THE ELEMENT TYPE: AS ILLWUSTRATED RY THE
E¥AMFLE ON THE FOLLOWING PAGE. WITHIN EARIH SUPPROCESSOR:S
~OMMANDS DF THE FOLLOWIMG TYPE ARE PROCESSED:

- POIMTER IOMMANDE, THESE CDOMMANDS ESTAELISH THE WALLUES
OF FOINTERS WHICH IDENTIFY APPLICARLE LINES IN TARBLES OF
ZECTION PROFPERTIESs MATERIAL COMSTANTSe AND OTHER ELE-
MEMT ATTRIBUTESs A DESCRIEED IN DETRIL IN SECTION 3.2.2.
Fop ExRMELEs THE cOMMAND NSECT= 1 INDICARTES THART THE
pPRETR IM LINE 18 DOF THE ARFPROPRIARTE SECTION PROPERTY TRPLE

- APPLIEZS TO SUESERUENTLY DEFINED ELEMENTS. FPOINTER VYALIIES
RPEMAIN IM EFFECT UNTIL SUPERSEDED EY RNDTHER POIMTER <OM—
MAMNI .

- MODIFI-ATION ANT INCREMENTARTION COMMANDS RELATED TO
T~ PoiNnTERP LOMMANDS.

~ ELEMEMT Gpour IDENTIFICATION FECDRDS?
GROUF M7 ALPHANUMERIC TITLES ELEMENT RROUP N.

- ELEMEMT CDMMECTINITY DECLARATIDNE. H SINGLE M—MODE
ELEMEMT CDMMECTING JOINTS dls I2v = = JN IS DEFINED
Ey THE FOLLOWIMG DECLARATIDOM:

11 A2 ._"3! _— - ‘.‘P'l

OTHEP FDPM= DF ELEMENT CONMECTIWITY DECLARATIONS AS
PESCRPIPED IM SECTIOM 2.2.E8% DEFINE MULTITELEMENT METWORKS.

LipoM COMCLUSION DF EXYECUTIDN OF EACH SURPROCESSDRs fALL TRELE
FPOINTERS PEVERT TO THEIR DEFAULT VALUES (SEE SECTION Z.2.2) s
amp THE MOD Ann INC PARAMETERS REVERT TD ZEPRD. SUPPROCESSORS

MR PE EXECUTED IN ANY OPDER.

[A]
.
n
|
P



THE FDOLLDWING EXAM

ELD InPuITE

PROT ELD
E432%

ROUFP 1 7ALPHRNLIM

NSECT=3%

NMAT= 2%

NNShi=12%

& 12 34 »%

S 20 4 4%

MSECT=5%

20 40 15 12%

GROUP 2“RALPHANLIM
40 50 10%
NNSHi= 4%
a0 51
A4 23 32

3

a7 %
1%

Are E4327 DEF INE
RPEWERT TO THFIR

-

3

E21% R
SROUE 1 ALPHANDM
HIECT=C%
HMRT= 4%
NREF=5%
NOFF=2%
MNShi=7%
20 20%
2c 2%
S0 10%
HIECT=5:
=0 22
GROUF &-TITLE FO

45%

v o12%

132%

NDFF=9%

"3

—

-

—

|

R4

¥+ DTHER TYPES DF ELEMENTSE

1 ALL E21° = DEFINED.

PLE ILLUESTRATES THE GENEPRAL ARPANGEMENT OF

BESIN DEFINITION OF ALL E43 ELEMENTS?

ERIC TITLE FOP GROUF 1 DF E437s.

LiNE 3 DF SECT. PRDF. TARLE APPLIES.

LINE &€ DOF THE MATERIAL PROP. TREBLE APPLIES.

LINnE 12 OF THE NON-STRUCTURAL WEIGHT TABLE APPLIFES,

-

ELEMENT 1| pF srROUFP 1 CDMNNECTS JOINTS 1834 e,
ELEMENT & DOF GrROUF 1 CONNECTS JOINTS Qe Rlede4,

=
]

1IES.
SN0 15s 1€,

TAEKLE NOW APFL
CONNECTS JOINTSE

SECT. PROP.
oF erOour |

arF

2

L 1wE
ELeMENT

ERIC TITLE FOR GROUP 2 OF E43°S.

ELEMENT 1 DF sPOUP & CONNECTS JOINTSE Sed0«50 110,
LINE 4 DF THE NON-STRLUCT. WEIGHT TARLE NDOW APPLIES,
ELEMENT & OF &ROUP &

ELEMENT I 0OF GROUP C.

D. ALL TAELE POINTERS C(NSECTs NMATs ETC.) s
DEFRIILT IALUES.,

ESIN DEFINING ALL ES21 7=t

EFIC TITLE FOF GREOUP 1 OF THE EZ21-%.

LinME S OF THE BRERM RYIS ORIENTARTION TRELE APFPLIES.
LIinE 2 DF THE PIGID LINK OFFSET TAEBLE RPPLIES,
LimME 7 OF THE NON=STRUCT. WEIGHT TRELE AFPLIES.
ELEMENT 1 OF SROUF 1 CONMECTS JOINTS SN 30,
ELeEMENT & OF sROur 1.

ELeMENT 2 OF RO 1.

ELemMemMT 4 OF cGrROUF 1.

F EZ21 GROUF .

ELEMENT | DF GROUF CZ.

ELEMENT & OF GROUF C.

ELEMENT 2 DOF GROUF &.

TAELE FOINTERS PEVERT TO DEFARULT

HiL WARILLES .

ARE SIMILARLY DEFINED.

w
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2.2.1 GenepPaL FuLesy ELD INPUT.

ELD HAs NO sPEciaL RESET conTROLS. CORE SPACE REPUIREMENTS
ARE LREC + (17 TIMES THE NUMEER OF GRPOUPSE FOR ANY GIVEN ELEMENT
TYPE). LREC IS THE DUTPUT (DEF E1J) DATA SET PLDCK LENGTH?

NOoFPMALLY AROUT 900 worRDS.

IT IS IMPDRTANT TO BE AWARE THAT WHEN ANY ELD suePPDCESSOR IS
EXECUTED® THE PESULTANT OUTPUT DATA SETS PEPLACE ANY EXISTING
DATA SETS GENERATED DURING A PRIDP EXECUTION OF THE SAME
ZUBPROCESSDR. ACCORDINGLYs ALL ELEMENTS DF A GIVEN TYPE MUST
EE DEFINED WHENEVER THE COPRESPONDING ELD surPPRDCESSOR

IS EXECUTED.

2.2.1.1 Eprpor CONDITIONSE.

®
]

ELD CHECKS TO SEE THART ELEMENTS DO NDOT (1) CONNECT
NOM—EXISTENT JOINTSs OF (2) REFER TO NONTEXISTENT LINES IN
TAELES DF SECTION PROPERTIESs ETC. IF ANY ERPORE ARE DETECTED?
+HE puTPuT pATA seTs (DEF Ergs GD Exgs GTIT E1J) WILL RE FLAGEGED
A= CONTRINING FATAL ERPORSs AND CANNDT PE READ PY DOWNS TREAM

rroOCeEssors Es EKSs = - &

ALL ERPONEDOUS ITEMS ARE MARKED EBY AN AsTERISK IN THE ELD ~NORMAL
PRINT—DUT (UNLESS ONLINE=02 .



3.2.1.2 Element Reference Frames.

The order in which the user specifies element connectivity, J1, JZ2,
J3, - - Jn, determines the orientation of individual element reference frames.
All element-related input and output (section properties, stresses, etc.) is
relative to these frames, which are oriented as shown below.

z (normal to J1,J2,J3)

Jl\ J2
y
Line elements (E21, E22,- =)

- X

J2

Tetrahedrons ( F41, S41) Pentahedrons (F61, S61) Hexahedrons (F81, S81)

All frames are right-hand rectangular. Except for the line elements, the
orientation of all element reference frames is determined by the position
of J1, J2, and J3, with J3 lying in quadrant 1 of the x-y plane. Line
element axis orientation is established by reference to a line in the MREF
table (see Sect. 3.1.7), via the NREF pointer in ELD input.

For the three-dimensional elements, the relative nodal positions must be
exactly as shown. That is, J4 must be above the x-y plane in tetrahedrons;
J4, 35, and J6 in pentahedrons must be above the x-y plane and connect, in
order, Jl, J2, and J3. In hexahedrons, J5, J6, J7, and J8 must be above the
x-y plane and connect, in order, Jl, J2, J3, and Jb.

All two-dimensional elements and the faces of all three-dimensional elements
should generally be as nearly flat as possible. See Section 3.3 (E Processor)
for a discussion of how tolerances may be set on measures of excessive non-
planarity and other geometric irregularities.
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3.2.1.2 ELEMENT BGprpur-IMNDEX DESIGNATIOMN.

ELEMENTZ OF EACH TYPE (E.G. EZ21sy E43y 531 APE ORDERED
1IN SPOUPS. WITHIN EACH GROUFs EARTCH ELEMENT IS IDENTIFIED EY AN
INDEX NLUMBEPR. THE FOLLOMWING ILLUSTRATES HOW THE USER CONTROLS
THE GPOUP-INDEX DESIGNATIONSS -

20T ELD

E21% >ROUF - INDEX
GROUF 17 TITLE FOF GROUF 1.

20 30% 1-1
40 BTE 12
24 SAE 1.2
& 10% 1.4
GROUP 27 TITLE FOR SGRDOUP 2.

23 11% =1
a7 343 o2
a2 778 273
SROUFP 3¢ TITLE FOR SROUP 3.

=0 10% 31
23 1TE 32
57 41% 303
a4 10% 34

CRPEFULLY SELECTED SROUFSINDEX RPRAMNSEMENTS AN SRERTLY
ZIMPLIFY THE FANALYST S MWORPKs AND IMPROVE THE READAERILITY OF
FLOTS AMD TRELES PRODUCED By PAFR"s PEPORT-GENERATOR PPROCESSDORS.
THE ELEMENT SROLIF TITL.E"S ARRE PETHIMED IMN THE DRTR ERSEY AND ARPE
SUOTOMATICALLY JEED A= HEADIMNSS IM STRETZE DISPLAYZESs AMD A
CRFETIONS IN FLOTE.

THE SPOUF-INDEX DESIGSMATIOMNE ARE ALSO USED IM DEFIMNING SOME

TYFES DOF RPFPLIED LORDIMNG {E. 5. ELEMENMNT FRESSUPESY TEMPERRARTLURES S
SPRDIENTSy DISLOCATIONSY .

1F GROLUP cAPD= APE MOT LUSEDs ALL ELEMENTS ARE IN GROUF 1.

GREOUFS MJIST EE DEFINED IMN ZTERIAL ORIDERY EESINMNING WITH SROUP 1.

0
(]
1



Z.2.1.4 THe MOD CommANDE.

Tre MOD comMmANDE SUMMARIZ
DARTAR ON SUPSERUENT INPUT RECORDS.
EACILITRTE MEMGING OF DATR DECKS
COMPONENTS OF & STRUCTURE INTO A
ENTIRE STRPUCTURE.

ComMMAND MEANING OF N

MOD JOINT= w~ AP N TDO JOINT

MOD GROW= N Appr N TO sSPOUP
MOD NSECT= w~N ADD N TO NSECT
MOD NMAT= N HpD N TD NMAT
mMOL NNShi= N ADD N TO NMSEW
MOD MNREF= N RpD & TO MREF
MOD MNOFF= [ X] ADD N 7O NOFF

ExamMpPLE?

MOD JOINT 1000

10 20: 21 33 7E S2%
T 15 THE SAME As! ‘
1i0i0 10208 1021 1022: 107¢ 1052%
ExamMPLES

MOD GRDBUP 10

GROUP 327 TITLE
¥ 1S THE SAME AS:
GROUP 127 TITLE

ExAMPLE:

MOD NESECT=10

HZECT= 4
3 1S THE SAME AS:
HESECT=14

EDr PELOW RPE USED TO MODIFY
THE PRIMARY APPLICATION IS TO

PREPARPED TO DESCRIEE INDIVIDUAL

SINGLE DECK DESCRIEBING THE

NUMBERE .
NUMEBERS o

TAELE POINTER.
TARLE POINTER.
TARLE PDINTER.
TARBLE POINTER.
TARRLE PDINTER.

Tre MOD PAPAMETERS ARE ALL AUTOMATICALLY RETURNED TO ZERO AT
THE CONCLUSIDON DF EXECUTIDMN OF ERCH SUPPPROCESSOPR.

THE MOD coMMAMDE APE SUIBESTITUTIVEsS NOT CUMULRATIVE.

THAT IS

MOD NMAT=2: - — MOD NMRT 7: - — 15 w~OT ERuIvALENT TO MOD NMRT=10.

n
|
(58



2.2.1.5 Tue INC CommaAanDs.

THe INC ComMmANDS SUMMARIZED BELDW CAUSE THE ASSOCIATED
TAeLE PDINTERS TO BE AUTOMATICALLY INCREMENTED EBY ™M AFTER EACH
SUCCESSIVE ELEMENT IS DEFINED. ;

INC NSECT=
INC NMART=
INC HNSW=
INC NREF=
INC NOFF=

IxT3IIX

ExAaMPLE:

MSECT=21: INC NSECT=i

10 118

i1 12%

i2 13%

12 14%

i4 15%
¥ 1€ THE SAME ASS
NSECT=21: 10 11¢% i
NEECT=32: 11 12%
NZECT=32: 12 13%
NSECT=24: 12 14%
MHSECT=235: 14 15%

THe MOD cOMMANDSE MAY BE USED IN CONJUNCTION WITH THE INC
CoMMANDSs AND BOTH MAY BE USED IN CONJUNCTION WITH ALL MESH
GENERATION FACILITIES. THE APOVE EXAMPLE COULD ALSO EE INPUT Ast

MOD NSECT=30

NSECT=1: INC NSECT 1: 10 11+ 1 5% (SEe Z2—-NDODE MESH GENERARTION)

ALL INC PRPAMETERS AUTOMATICALLY REVERT TO ZERD UPOM CDONCLUSIDON
OF EXECUTION OF EACH SUBPROCESSOR.



2.2.2 SteucTurAL ELemMeEMT DEFINITIONM.

IN THIS SECTIOMNY INFUT LANGURGE ELEMENTS APPLICAELE TO IMN—
DIVIDUAL ELEMENT TYPES ARE DESCRIBED.

3.2.2.1 Line ELEMENTSs C(E21ls E22» E23s E24s EZ2D)

THE FOLLOWING TRELE PDINTERS APPLY TO LINE (2—-NODE? ELEMENTS:

FoInTER IeEFRULT
MaME VaLwe As=oc-1ATED TRELE (sSEe SECTION 3.1).
HNMRT i MATC (MaTERIAL LONSTRNTE?
MESECT 1 SECTIOM PROPERTIES:?
EFs FoOR E217=.
BE: FoOR E2Z2°s. mAND E257s
BCs FDORP E237%.
EDs FoOR E24°s.
HMOFF 0 ERPL fRI1SID LINMM DFFSETS)
[RIgkeN] 0 MW CNON=-STRUCTURAL WEIGHT INTENSITY)
MHREF i ELEMENT PREFERENCE FPRAME OFRIENTARTIOMN:

MFREF TABLE FOR RLL TYPES EXCEPT EZ23,
ALTREF TRELE FOR E237 5.

FOP LIME ELEMEMTSs THE ELEMENT COMMEZITIWITY DECLPARATION STATE-

MEMT TO DEFIME A SIMILE ELEMENT CONMECTIMG JOINT A1 o Jg2 158
A1 J2%

FOP MESH GSEMEPRATION: AS DETARILED OM THE FOLLOWING PASESs THE

FDPM IZ:

J1 J2s METOPTs MNET 13, HET(2>s MET 3%

L
.
o
)



Two-node element network generators.

If NETOPT=1,

Ni= NET(1) (default=1),
NI= NET(2) (default=1),
JINC= NET(3).

Implied sequence:

N1=J1
IDIFF=J2-J1

DO 200 J=1,NJ
DO 100 1I=1, NI
N2=N1+IDIFF

Define element connecting node NI to N2

100 N1=N2
200 Ni=J1 + J * JINC
Example:
J1 J2 Netopt N1 NJ JINC
g 12 ] 4 2 100
9 (1) 12 15 18 '
7 S S € ) N (4) 4!
109 112 115 118 121

(5) (6) (7)

%The order in which the elements are defined is indicated by the number
enclosed in parentheses. The index number identifying elements within
each group are determined by the order in which the elements are defined.
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Two-node element network generators (continued).

If NETOPT=2,

Ni1= NET(1l) (default=1),
NJ= NET(2) (default=1),
JINC= NET(3).

Implied sequence:

Nl= J1

IDIFF= J2-J1

DO 200 J=1,NJ

DO 100 1I=1,NI

N2 = N1 + IDIFF (except for closing element, when I=NI)
Define element connecting N1, N2.

100 N1=N2
200 N1=J1 + J*JINC

Example:

J1 J2 Netopt NI NJ JINC

9 12 2 4 2 100
9 109

(4) 1) (8) (5)
18 12 118 112
(3)
(2) (6)

15 115
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Two-node element network generators(continued).

If NETOPT=3,

NI= NET(1),
IINC= NET(2),
NJ= NET(3) (default=1)
JINC= NET(4).

Implied sequence:

Nil=J1

N2=J2

DO 200 J=1, NJ

DO 100 1I=1, NI ,
Define element connecting N1 to N2

100 N2 = N2 + IINC
N1 = J1 + JINC*J
200 N2 =J2 + JINC*
Example:
J1 J2 Netopt NI IINC NJ JINC
4 37 3 4 10 2 100

167

137
47
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(E=1s E32+ E33» E41s E42, E43+ E44

P
o
r

Q

.2 HrPEA ELEMENTSE

THE FOLLDWING TARLE POINTERS APPLY TO RPER ELEMENTS:?

FPOINTER DeFALLT
NAME VALUE Acsnc1ATED TABLE (SEE SECTION 3.0
NMAT i MATCs MATERIAL CONSTANTE.
MSECT 1 SE~TION PROPERTIES:
<A TRERLE FOR ALL EXCEPT E44.
SE TvrepLE FOR E44.
HNSH 0 NShis NON—STRUCTURAL DISTRIEBUJTED WEIGHT.
NREF 1 FOP TWO-DIMENSIDOMAL ELEMENTSs NREF 1=

NOT & TAeLE PoinTER. NREF 1= usep TO
SpPECIFY THE DIPECTION DF ACTION OF
POSITIWVE PRESSURE:S

— IF NREF= (s PRESSURE EXERTS MO FORCE
OM THE ELEMENT.

— IF NREF= 1y POSITIVE PRESSUPE ACTS IN
THE DIRECTION OF THE 3 AXIS OF THE
ELEMENT PREFERENCE FRAME.

- IF NREF=-15s NEGARTIVE PRESSURE RCTS INMN
THE DIRECTIOM DF THE 2 AXIS OF THE
ELEMENT REFERENCE FPRAME.

IT 1S IMPORTANT TO NOTE THAT FOR ALL ELEMENT TYPES EXCEPT
Ed44« NMAT MosST BPE SIVEN IN EOTH THE TAR-SH Aup ELD INPLIT.

THE FDPM DOF THE ELEMENT CONMECTIVITY DECLARPARTION FOPRP =~
TINGLE ELEMEMNT IS:

J1

=
[
B R 1=

13% (3—-NODE ELEMENT)
432

2% 4% (4—MNDTE ELEMENT)

ForP MESH SENERATIDONs AS PETAILED DM THE FOLLOWING PAGESs THE

FOPMS RPE:

. NETDPTs NETC(1>s NETY1)e — =

Ji
e NETDOPTs NETC(1>e NETC(2) s = =

D N K

ra Mo
Wl

oo

)
L]
no
|
[
)



Three-node elernent network generators.

If Netopt=1,

Ni= NET(1),
NJ= NET(2) {(default=1).

Implied sequence:

IINC= J2-J1
JINC= J3-J2

Nil= J1

N2= J2

N3= J3

N4= J3-IINC

DO 200 J=1, NJ
DO 100 I=1, NI

befine element connecting N1, N2, N3
Define element connecting N3, N4, N1

Nl= NI + I[INC
Nz= NZ + IINC
N3= N3 + IINC
100 N4= N4 + IINC
Ni= J1 4 JINC
NZ= J2 + JINC
N3= J3 + JINC
200 N4= N3 - [INC
Example:
J1 32 I3 Netopt NI  NJ
2 3 103 1 3 2
202 203 204 205
(8) (10) (12)
/
) 103 @) 104 ()
102 J 105
(2) (4) (6)
(1) @ | e
/ /
2 3 4 5




Three-node element network generators (continued).

If Netopt=2,

NI= NET(1). (NI must be greater than 1),
NJ= NET(2) (default=1),
JINC= NET(3).

Implied sequence:

IINC= J3-J2

N1=J1

N2= J2

DO 200 J=1, NJ

DO 100 I=1, NI .

N3= N2 + IINC

Define element connecting N1, N2 ;N3
100 N2=N3

N1=J1 + J*JINC
200 N2=J2 + J*JINC

Example:
J1 J2 J3 Netopt NI NJ JINC

2 5 7 2 6 2 30

15 45 47

11
41
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Three-node element network generators (continued).

If ‘Netogt=3,

NI= NET(1),
NJ= NET(2) (default=1),
JINC= NET(3).

Implied sequence:

IINC= J3-J2
Ni=J1
N2= J2
DO 200 J=1, NJ
DO 100 1I=1, NI )
N3= NZ + IINC (except closure when I=NI)
Define element connecting N1, N2, N3
100 N2=N3
NI = J1 + J=JINC
200 N2 = J2 + J*JINC

Example:
J1 J2 J 3 Netopt NI NJ JINC
2 5 7 3 & 2 30

43
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Four-node element network generators.

If Netopt=1,

Ni1=
NJ=
NK-=

NET(1),

NET(2) (default=1),
NET(3) (default=1),

KINC= NET(4).

Implied sequenc e :

IINC= J2-J1
JINC= J4-J1

DO 300 K=1, NK
Nl =J1

DO 200 J=1, NJ
DO 100 I=1, NI
N2= NI+INC

N3= N2+JINC

N4= NI1+JINC

Define element connecting N1, N2, N3, N4

100 N1 = NI1+IINC
200 N1 = J1+J*JINC
300 J1 = J1+KINC

&
Example :
J1 J2 J3 J4 NETOPT NI NJ NK KINC
2 3 23 22 1 2 3 2 200
62 63 64 262 263 264
(5) (6)
3 44 (11) 12
42 4 242 243 (12) 1244
(3) (4)
2 (9) 10
22 ; 24 222 223 19 1224
(1) (2) (7) (8)
2 3 4 202 203 204
*Note: J3 must be present, although not used.
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Four -node element network generators (continued).

If Netopt=2,

NI= NET(1),
NJ= NET(2) (default=1).

Implied sequence:

IINC= J2-J1
JINC= J4-J1
Nl= J1
DO 200 J=1,NJ
DO 100 I=1, NI
N2 = NI + IINC
N3 = N2 + JINC (except closure when 1=NI)
N4 = N1 + JINGC (except closure when I=NI)
Define element connecting N1, N2, N3, N4
100 N1 = N1 + JINC ‘
200 N1 = N1 + IINC
Example:
J1 J2 J3 J4 Netopt NI
1 i1 12 2 2 6
3 13 23 33
N\
4 (2) (8) (14)
(1) (7) (13
5 1511 11 21 )
P 31
(6) (12)/ (18)
\ / / /
6 16 26 36

3.2~-17
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3.2.2.3 Three-Dimensional Elements

Only one table pointer, NSECT (or the synonym NPROP) applies.
The default value of NSECT is 1. For fluid elements, NSECT points to
a line in a table named PROP BTAB 2 20. For solids, NSECT points to a
line in PROP BTAB 2 21. Before executing ELD, the user must construct
these tables via AUS/TABLE, as indicated below. Mesh generation
facilities are described at the end of this section.

Fluid elements F41, F61, F81:

For additional information see Section 12. It should be noted that FSM
is the only processor which produces system matrices containing fluid
element terms. Fluid element terms are not included in the system
diagonal mass matrix, DEM, produced by processor E, nor in the system
matrices produced by K, M, or KG. No form of static temperature,
dislocational, or pressure loading is defined for fluid elements. GSF
produces no stress data for fluid elements. Section properties are
defined as follows:

@XQT AUS
TABLE(NI=2, NJ= the number of different fluids): PROP BTAB 2 20

J=1: p, B $ Mass density, bulk modulus for fluid 1.
J=2: p, B $ Mass density, bulk modulus for fluid 2.

Solid elements S41, S61, S81:

Solid element terms are included in the system diagonal mass matrix,
DEM, produced by E, and in the system matrices produced by K and M,
but not those produced by KG. Properties are defined as follows:

@XQT AUS
TABLE(NI=31, NJ= number of different solids): PROP BTAB 2 21

= 1$ Properties of material 1 follow.

w>

ayy”

a1 2227

a3y 23 2337

a a,,>

41 242 %43 Y

ag) 35y 253 ¥4 Fss

ag1 22 33 264 %65 66
X y z

y Y Y Y Y _ Y $

XX Yy zz Xy Yz zZX

J= 26 Properties of material 2 follow. (Same sequence as above)

3.2-18



In the preceeding,

w= weight density (weight/unit volume).

The a,,'s are

ij
re 71 T,
€y ayry
ay ay
€2 1_1%31
Yxy | | 241
sz 5]
sz a61
a a [0
X y z
Y '

In all of the

flexibility coefficients defined as follows:

symmetric "[éx i For isotropic sections,

a22 =oy all aij= 0, except:
332 233 1%, 3117 35,7 233~ U/E,
242 %43 %44 Txy ay)7 33;7 34, -V/E, and
457 3353 54 255 !Tyz 8,47 3557 3~ 2(1 ¥ VI/E.
%2 %63 %64 %65 66| zx| .
= linear thermal expansion coefficients.
Y Y Y = reference or yield stresses for use in

Xy vz ZX stress displays. See PSF discussion.

above, x, y, and z are axes of the element reference frame.

For a single element, the form of the element connectivity declaration is:

J1 Jz J3 ~ - = Jn$ n nodes.
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Pentahedral element network generator.

For mesh generation of pentahedral elements, the form of the element

connectivity declaration is:
ja’ jb’ nj, nk, jinc, kinc, iclose, netopt

Netopt is any nonzero integer. If iclose is zero, the implied sequence is:

DO 100 K= 1,NK

DO 100 J= 1,NJ

j1= ja + (K-1)*kinc
j2= jb + (J-1)*jinc
j3= j2 + jinc

j4= j1 + kinc

jg= j2 + kinc
J6= is + kinc

100 define element comnnecting jl’ j2’ - - j6.

The parameter iclose is zero for a normal open mesh, and 1 for closed
cylindrical meshes as illustrated on the next page.
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Pentahedral element network generator (continued).

/@\
Example: 43§ T 432
xample: . P
~~
ja= 100 (center, bottom)
jb= 123 441 0
nj= 8 (8 wedges) //////
nk= 3 (3 rings) <£g£ fo6
jine= 3 341 T—
) \\T\\* 23
kinc= 100
iclose= 1 (closed mesh) 344
netopt= 1 . \
323
Note that this mesh would
i h - 3 4
fill the hole in the center 141 “Zlﬁ“~N‘ /////////I’//_226

of the cylindrical mesh exam-
ple shown for hexahedrons.

Example:

ja= 100

jb= 123

nj= 2 (vs 8 in above example)
nk= 3

jinc= 3

kinc= 100

jclose= 0 (vs 1 in above example)
netopt= 1

3.2-21
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26
423
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223
173

129
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Hexahedral element network generator.

For mesh generation of hexahedral elements, the form of the element
connectivity declaration is:

JO’ ni, nj, nk, iinc, jinc, kinc, iclose,; netopt

Netopt is any nonzero integer. 1f iclose is zero, the implied sequence is:
DO 100 K= 1,NK

DO 100 J= 1,NJ

DO 100 I= 1,NI
(k-1)*kinc + (J-1)*jinc + (I-1)*tinc

=3t

j2= jl + iinc
j3= jz + jinc
j4= 3 + jine
jg= 3, + kine
j6= j2 + kinc
j7= j3 + kinc
j8= j4 + kinc

100 Define element connecting jl’ j2’ - j8

The parameter iclose 1is zero for normal rectangular meshes, and 1
for closed cylindrical meshes, as illustrated on the next page.
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Hexahedral element network Generator (continued).

Example:

JOgs

ni=
nij=

nk=
iinc=
jine=
kinc=
iclose=
netopt=

—
O W O s B

16 17 18 19 20 -
™. [™
! N !
6 ! 7 8 9 |
| | | |
el e Bt i . Sl F o
1 2 3 4
(unclosed mesh)
439
(8 wedges)
339
\ ot
(closed mesh) \h
239 N 34 — /324
\\
\\ 321 /
243 /
\4
P21
\\

3.2-23
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2.2.% ThePmAaL ELEMENT DEFIMITION

THE SPAF THERPMAL ANALYSIS PRDOCESSORS ARE DESCRIEBED IN A
cEFARATE DOCUMENTs THE SPAF THERPMAL ANALYSIS REFERENCE MAaNUAL .
THE THERPMAL ELEMENT REPERTODIRE IS SUMMARIZED PELOW.

LINE TRIANGULAR QUADPRILARTEPAL SoL:ip
ELemeENTs 2D eLeMeENTs ED ELEMENTS 3D ELEMENTS
ConpucTING: K2l K31 K41 Keis K81
ConvecTINnG: C2l c=1 r41
RApIATING: FZ21 R21 R41

For ELEMENT TYPE XXX (XXX 15 K2l P41s ETC.Y>s EL]D PRODUCES THE
cAME FORPM DF OUTPUT DATA SETSE AS FOR STRUCTURAL ELEMENTSY I.E.
[EF ¥XXs GD XXXs GTIT XX¥Xs AND DIR ¥X¥es PERMITTING THE

THEPMAL ELEMENTS TO RE DISPLAYED PY THE SPRF GRAPHICSE PROGRAMS,

IM & FODST—PROCESSING OPERARTIONS ELTI PRODICES THE THEPMAL
ELEMENT DEFINITIDN DATA SETSH TED XXX NnEPPs DESCRIERED IN THE
TPAR THEPMAL ANALYSIS REFERENCE MANUAL: SURJECT TO THE
FoLLowineg RESET comTrOoLs:

DeFmuULT .
HamMe VAaLLUE MERNING

NJTED 0 1F¢ MHUTED 1€ NOT ZEROs IT IDENTIFIES THE DESTINAT
T1ON LIEBPARY FOR THE TED XXX NEPP DATA SETS.
I NUTED 1= NDT ZEROS TED XXX mERP DATA SETS
WILL PE PRODUCED FOP ALL THERMAL ELEMENT DEF
WYY pATA SETS RESIDING IN LIERPARY 1l NOT JUST
THOSE CRERTED DURING THE CUPRENT EXECUTION.

LETED =1 NoOMIMAL ELDCK LENGETH OF TED XXX NGRPP DUTPUT.
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THE I1MPUT PULES FOP THEPMAL ELEMEMTE ARE SUBSTANTIALLY THE
ZAME AS FOP STRUCTURAL ELEMENTS. Twe MOD enp INC comMmMANDSE
MAY FE USEDYy AND THE SAME MESH GENERRTIOM FACILITIES APPLY.
THE FOLLOWING POINTERP COMMAMNDE ARE WSED:

PoiwTER DeEFAULT
Hame VARLLUE MearING

NMRT i THE SAME AS NMAT: NFILMs OP NFADy AS DEFINED
1IN THE SPAP THErmMAL HNALYSIS FPEFERENCE ManuAL
FOF CONDUCTINGY CONVECTINGs AND RPADIATING
ELEMENTSes IN THAT DRDEPR.
NMAT MAY PE ANY POSITIVE DOPF NEGATIVE INTEGER.

MSECT i POINTE TO R LIME IN DNE DOF THE FOLLOWING
THELESSY WHICH THE USEP MUST cRERTE vim RUS/
TRELE rerForPe ExecuTinc ELD. Twe TABLE
paraMeTER NI MusT BE 1 FOR ERCH TRAEBLE.

lere SET
Nesre CoaNTENT

"~

k ARERA K21l erRERS.

K THIC K231 mpMD K41 TRICHNESSES.
¢ CIpcC C21 CIPCUMFEREMCES.
FoOCIRC F21 CIPCUMFERENCES.



3.3 E-STATE INITIATIDN

FOP EACH ELEMENT IN THE STRUCTURE THERE IS AN “ELEMENT
INFORPMATION PARACKET. ' IEPENDING DN THE PARRTICULRR TYPE OF
ELEMENT® EACH PACKET USUALLY CONTAINS INFORMATION IN EACH oF
THE FOLLDWING CATESDRIES:S

1— INTEGEP INFDRMATIDN SUCH RS THE CONNECTED JOINT NUMRERSS
AND POINTERS IDENTIFYING APPLICARLE LINES IN TARLES OF
MATERIRAL CONSTANTSe SECTION PROPERTIES:s ETC.

2- MATEPRIAL CONSTANTS.

- GEDMETRICAL DETRILS: E.Sc DIMENSIONS: ORIENTATION:

4— SECTIDON PRDPERTIES.

]

S— INTRINSIC STIFFNESS MATRIXs OR ERUIVALENT.
n- STRESS RECDOIERY INFLUENCE MATRIXs OF ERJIVALENT.

7— INTEPRNAL STRESS PESULTANTS ON WHICH K& COMPUTARTIONS
RRPE TO RE RASED.

PRrO-ESspP E CONSTRUCTS PARTS 1 — 5 OF THESE PACKETS: AND LEAVES
ZPACE FOR PAPTS A AND (s ERUT DOES NOT FOPM THEM. FoDrR ELEMENT
TYPE XXX (XXX 1 E21s E43s SE1s ETC.)+ THE NAME DF THE DATA

CET CONTRINING THE PRCKETS 1s XXX EFIL.

E mLSO PRODL/CES A& SYSVEC—-FORMAT DATR SET NAMED DEMs WHICH IS THE
ZYSTEM MASS MATPIX IMN DIASONAL (LUMPED MRSS) FOPM. IIEM INCLUDES
OMLY THE MASS ASSOCIATED WITH ELEMENTS AND ANY NONTSTRUCTURAL
MRSS RTTACHED TO ELEMENTS. RIGID MASS DATARe IF ANYs DEFINED

in TRE 15 mnoOT 1mcLwped IN DEM. DEM AND PISID MASS DATA MAY

FE SIUMMED: IF PERUIRED: IR HUS/ELM, ONLY DISPLACEMENT-
LEPENDEMNT TERPM= APE INCLUDED IN DEMs I1.E. PIGID LINK OFFSETS

ARE IGNOPRPEDY RMND ROTATION—DEPENDENT TEPMS RRE SET EDUAL TO ZEPRPDO.

InpT TDO E CcONSISTS DF SURSTANTIALLY ALL TRE AaNnD ELD puTeisTs
MDD ANY SECTION PROPERTY TREBLES SEMERATED WIA HLIS-THELE.

H SERIES OF EIGHY TESTS ARE PERFOPRMEI TD DETECT GEOMETRIC
IPPEGLULARITIES <SUCH AS EARDLY PROPORTIONED ELEMENTS AND
EXCESSIVELY MWARRPED FACES. THE FDLLOWING COMMANDSE ARE PROVIDED
TO FURHISH UJSEP CONTRDL DOWVER THESE TEZTS?

T= Tl T T3 T4, TS TH T7 T

IERR= 1. KT s /3 K3 T KR K7 e g
THE DEFALILT VALIIES APRE:

T= 1.-20- L0595 1.-5s 1.-%0 2. s 1.-4. 1.-4s 1.-4

1ERR= =) 2o (e =g Ce 2 =g z



THE GEOMETRICAL TESTSE RRE DESCRIBED EELDOW. IF TEST J 1S NOT
FASSETY THE DUTPUT DATA SET (XXX EFIL) WILL HAVYE AN ERPOR
“ODE DF K.Js AZ ESTARLISHED EY THE IERP comMmMANMD. THE TEPMS
LUSED IN THE DESCRIPTIDON DF THE TESTS ARE DEFINED AS FOLLOWS

- R ‘FRrCE’ IS THE SURFARCE DF A TWD=DIMENSIDNAL ELEMENTs OF
& FACE DF & THREE-DIMENSIONAL ELEMENT. Firt "EDGE’ 1S DNE
OF THE LINE SEGMENTS CONSTITUTING THE ROUNDARY DOF & FACE.

¥l 1€ THE LENGTH DF AM EDGE.

— L 1S CHRARACTERISTIC LENGTH OF A FACE. For BUARDRILRATERAL
FARArCESs LL 1€ THE SPURPE RODT OF THE FAPEAR. Fpore TRIANGULRP
FAcEss L Is THE SEURPE ROOT OF THICE THE AREFf.

- %34 1S THE DISTANCE FROM THE FOWRTH NODE OF A BUADRILATERAL
FACE TO THE PLAME OF THE ODTHER THREE NODES.

]

Tesy DescPIPTIDN
i ZEPDO LENSTH EDGE: TesT FRILE IF XL IS LESS THAM Tl.

s Col INEAR ADJIACENT EnceEs: TEST FRILS IF THE ANGLE EFETWEEN
TWO ADJACENT EDGES IS LESS THAN TZ. .

% 1F X34 1€ GREATER THAN CL ¢ T3+ THE ELEMENT IS CONSIDERED
NOM—FLATs RUT NOT NECESSARILY EXCESSTWVELY WARPED.

4 FarE IS EYCESSIVELY WARFED IF X34 EXCEEDS CL « T4.

HLsDs <SEE TrE MWAFP PESET CONTROL FOR Edis E494 ELEMENTS.

S FmrE 1€ EXCESSIVELY DOUT DOF PROFOFTIOM IF Xl 1%
SREATER THARN CL ¢ TH,
& THIS TEST APPLIES ONMLY TO F61 ELEMENTSs FOR WHICH THE

TOPPRESFPONDTNG EDGES OF THE TWO TRIAMIULAR FACES MUST FE
PRRALIEL - THE TEST FARILS IF THIS RPERFUIREMENT IS NOT MET
WITHIM /R LINEAP TOLERAMNIE OF TS,

\'J

MHERE F 1€ THE 2 ¥ 3 TRANSFORMATION MATRIX DEFIMNING THE
ORTIENTATION OF THE ELEMENT REFERPENCE FPAME RELATIVE TOD
FLDEAL FRAMEs THIS TEST FARILS IF ANY TERM OF THE PRODUCT
F e R{(TPANSPDSE) DIFFERS FROM THE IDENTITY MATRIX EY

MORE THAM T72s AS A RESULT OF MNERAPLY COL INEAP EDGECS.

: TH1s TEST FRILS IF THE & COORDINRTESs RELATIVE TO THE
ELEMENT REFEREMNCE FRAMEY OF [AMNY 0OF THE FOLLOWING MODES
IS LESE THAM ¥H TIMES THE SRUARE ROOT OF THE FACE IN THE

W=y PLAMES

— FoOP TETRAHEDPROMSZs MODE 4.
— FpDP PEMTAHEDROMIs NODES 4 Do
— FDORP HEXAHEDRONZ» NODES Se D

-
7y AND 3.



FRESET CoNnTPOLS:

IeFRLLT
MaAME VaLUE MEANINGE

£ ‘ i. BRAITATIONAL COMSTANT LISED IN CONSTRUCTING
THE SYSTEM DIARGONAL MASSE MATRIXS DEM.

IF vyDOL ARE USING INCH—PDOUND-SECOND UINITS AND
WMEIGHT DENSITIES WERE SINVEN IN THE IN UNITS
FOUNDE PER CUEBIC INCHe RESET 6= 336,

LZERD MEIERD ZERO-LENGTH TEST FOR C—NODPE ELEMENTS. IFr AN
25 ye LonsER THAN LZEROs E25 EFIL wrLL

PE MAPHFED IN ERRDR.

Il

RCH LNO001 WHERE F IS THE 2 » 3 TRPANSFOPMATIOM MATRIX
DPEFINING THE DRIENTATION OF A Z—NODE ELEMENT
BEFERENCE FRAME RELATIE TO THE FLOERAL FRAMES
AN ERPOR CONDITION EXISTS IF ANY TERM DF THE
pRODLICTs F TIMES R (TRANSPOSE)s DIFFERS
FROM THE IDENTITY MATRIX EBY MORE THAN FCH.
THIS OFCURE AS & PESULT DF INCORRECT MREF

INPLIT.,

FRTE i Non—zero PRTE RESULTS IN PRINT-OUT OF FULL
LETAILSE OF ANY GEOMETRICAL ERPORS DETECTED.

HFETER PPRINTING SEDOMETRPY ERPOP DETARILS FOR
LIM ELEMENTSs NO FURTHER ERPROR DETRILS WILL
EE PRIMTEDs ALTHDLGEH FROCESSING WILL CONTINUE
AMT AM ERPOR SUMMAPRY WILL EE PRINTED.

A
funn}

LIn

MidHRP . 05 For E41 aAanD Ed44 ELEMENTS. MWHEP REPLACES THE
ZEOMETRY TEST PARRAMETER T4 (WARP LIMIT!.

CEMTRAL MEMORY PEPUIPEMENTE!

ALL DF THE TAR-PRODUCED SEOMETRY: MATERIAL CONSTANTS FIMT
DISTRPIBUTED WEIGHT TABLE ARE HELD CONTINUDOUELY IN CEMTRAL
MEMORY. HE EACH ELEMENT TYFE IS PPOCESSEDY THE ASSOCIATED
ZECTION PROPEPRTY TAELE IS ALSD IN CENTRAL MEMORY. IN ADDITION
TO THE FOREGEDINGs peO0T 2000 TD 10000  WwoRDSE SHOLNLD EE

GLLOMWER FORP 170 EUFFERS.

w
LQ
|
)



*
6.1.5 Nodal Pressures

Nodal pressures are in a TABLE format data set named NODA PRES iset.
Case 1 resides in block 1, case 2 in block 2, etc. The block length is equal to the
total number of joints in the structure. The direction of action of nodal pressure
on individual 3- and 4- node elements is established by the NREF statement in ELD.
If NREF= 1, positive pressure acts in the +3 direction of the element reference
frame. If NREF= -1, positive pressure acts in the‘ opposite direction. If

NREF= 0, the pressure loading does not act on the element. (See Section 6.1.6.3 for

further information.)

The following example defines load set 9, containing two cases:

@XQT AUS
TABLE: NODAL PRESSURES 9

CASE 1
J 1,6:1.3% Pressure at joints 1 through 6 is 1.3.
CASE 2
F 2,10: 4.2% Pressure at joints 2 through 10 is 4.2.
JF 20, 30: 5.08 Pressure at joints 20 through 30 is 5.0.

* Pressure loading acts only on area elements, i.e. E31, E32, E33, E4l, E42,
E43, E44.

L13a 6.1.5-1



6.1.6 Loading Defined For Individual Elements

Applied load data defined for individual structural elements resides in

ELDATA format data sets (see Section 2.5) with the following names:

Name Type of Loading

TEMP Eij iset icase Thermal

DISL Eij 1iset icase Dislocatijonal (initial mismatch)
PRES Eij iset icase Pressure

In the above list, Eij is any valid structural element type (e.g., E21,

E33, E41, etc.). Note that each of these data sets corresponds to a single load case,

icase, within set iset. For example, suppose that, in load set 4, case 7, thermal
loads are applied to type E21 and E43 elements, and pressure loading is applied to
type E43 and E33 elements. The names of the corresponding data sets would be as

follows:

TEMP E21 4 7

~3

TEMP E43 4
PRES E43 4 7

PRES E33 4 7

Each of the data sets contains an entry (column of data) for each structural
element of the indicated type. Individual entry details for each class of loading are

defined in Sections 6.1.6.1 through 6.1.6.3.

6.1.6-1



e For E31 and E33 elements, each entry contains three elements:

Tl, T2, and T3

The 'i‘_i's are temperatures at the element corners, as shown below.

T3 Joint J3

T N\ 12
Joint J1 Joint J2

i

In the above, J1, J2, and J3 have the same meaning as defined in ELD.

Where T T and T.. are the nodal temperatures (if any, from

J1 ~J2 J3
block icase of NODA TEMP iset), the total effective corner tempera-

tures are Tl + TJl’ T2 + TJ2’ and T3 + TJ3° The temperature

distribution within the element is assumed to be linear.
Example. Case 19 of load set 6, type E33 elements.

@XQT AUS
ELDATA: TEMP E33 6

CASE 19
G=2: E=10: 4.5, 6.2, 9.4%

G=9: E=92: 3.7, 6.8, 9.9%

6.1.6.1-3



L13A

For E41,E43, and E44 elements, each entry contains four words:
T, T
1’ "2 4

The Ti‘s have the same meaning as for triangular elements. The

temperature distribution in 4-node elements is assumed to be

EB, and T, .

linear, resulting in stress-free deformation of the decoupled
element. EQNF uses an averaging procedure to determine the
linear gradients from the input temperature data. Element meshes

should be made fine enough to support this assumption.

For n-node three-dimensional solid elements (n= 4, 6, 8 for S41,

S61, S81), each entry contains n words:

Ty = = = T.

Tl’

The Ti‘s have the same meaning as indicated above for 4-node

elements, including the use of an averaging procedure in EQNF.

Temperature loading is not defined for E25, E32, E42, F41, F6l,

or F81 elements.

6.1.6.1-4



L11

The content of individual entries in DISL data sets for membrane/bending

elements is as indicated below.

Element Number of
Type (E1J) Content of entry in DISL EIJ words/entry
E31 dy, d3) dg, 3
E32 d23 T21 T22 933 T31 Ty 6
E33 o1 931 937 923 Ty Tpp 933 T3 T ?
E4L 921 931 932 41 Y42 Y43 , 6
E42 d23 T21 T22 933 T31 T3z 43 Tap Y42 2
E43 dp1 931 933 941 Y42 923 Top Top 33 T3y Typ dy3 T4y Ty, o 14
E44 d,  d, d,. d, d, d 6

21 31 32 41 42 43

For j= 2,3, and 4 (corresponding to joints J2, J3, and J4), dislocational

i3’ rjl’ and er are defined as motion components of node j

relative to an intrinsic frame rigidly embedded in J1, initially parallel

quantities d

to the element reference frame. Component dj3 is direction 3 motion, and
rjk is a rotation about axis k. For E4] and E44 elements, d43 is defined
as displacement of node 4 normal to the plane of J1, J2, J3. The five

other dislocational quantities are defined on the following figure.

d42  Joint J4

8tress Free Element

Element Positioned
d21 [ in Null Structure

= —a ]
Joint J1 Joint J2

6.1.6.2-3



¢ The content of individual entries in DISL data sets for three-

dimensional solid elements is as shown below.

Element ~ Number of
Type (5ij) Content of entry in DISL Sij words/entry
ad dyq 931 935 941 Y42 43 6
561 dyy dy) dgy dyy dyy dygdgy dgy dsy dgy dey g3 12
581 dy  dy) dgy dyy dyn dyg oo o o dgy dgy dgg 18
4 3 = - H
The djk s are defined as djk ij Xjk , where:
xjk = direction k position coordinate of node j (j= 1 through
the number of nodes in the element), relative to the element
reference frame, for the element positioned in the null
structure, and
ij = corresponding nodal locations for the stress-free element,

relative to the intrinsic element frame (origin at node 1,
axis 1 directed from node 1 through node 2, node 3 lying in
quadrant } of the 1-2 plane).

Note that d11= d12= d13= d22= d23= d33= 0, by definition.

L13A 6.1.6.2-4



6.1.6.3 Pressure. The content of each entry (data column) within a PRES Eij

iset icase data set is described below.

e For E31, E32, and E33 elements, each entry contains three words, 0

as follows: -

The ﬁi‘s are pressures at the corners of the element, as shown below.

The Ji's have the same meaning as defined in ELD.

P3
Joint J3
‘1'5_1 _ P,
Joint J1 Joint J2

It is assumed that pressure varies linearly over the surface of the element.

The 3-axis of the element reference frame is the direction of action of

positive '?i's.

The NREF statement in ELD has no effect on the T)i 's. The reason for this
convention is to provide a means of introducing pressure loading when NREF
has been set equal to zero to inhibit nodal pressure loading as defined in

Section 6.1.5.

6.1.6.3-1



e For E41, E42, E43, and E44 elements, each entry contains four words:

5,5, F,, B,
The ﬁi's have the same meaning as defined previously for triangular éle-
ments. For purposes of determining equivalent loading, the following
assumptions are made:
(1) The element is comprised of four independent triangular elements
shown below.

(2) The pressure distribution in each of the four triangles is linear.

The pi‘s are total corner pressures.

1/2 Py 1/2 Pq 1/2p, 1/2 Pq
= +
Py iy
1/2p, 1/2 p, /2 p, 1/2 p,

6.1.6.3-2



SSOL

6.3 SSOL — STATIC SOLUTION GENERATOR

Function. SSOL computes displacements and reactions due to point
loading applied at joints. Where iset is the load set identifier, and ncon is
the constraint case (see SSOL Reset Controls and Figure 6-1), the SYSVEC-

format output data sets are

STAT DISP iset ncon, and

STAT REAC iset ncon.

Each of the output data sets consists of n blocks, where n is the number of
cases in the designated load set. Block 1 is the solution corresponding to

case 1, block 2 corresponds to case 2, etc. The number of cases, n, is the

largest of the following:

(1) n,, the number of blocks in APPL FORC iset,
(2) oo the number of blocks in APPL MOTI iset, or

(3) ng» the largest value of icase in any EQNF FORC iset icase

resident in QLIB.

If n. or n is less than n, the omitted input load vectors (e.g., applied forces

f
for cases ng+ 1, ne + 2, etc.) are assumed to be identically zero. Similarly,

any omitted EQNF FORC iset icase is assumed to be identically zero.

Components of the STAT REAC iset ncon set corresponding to constrained
or specified joint motion components are reactions. All other items are residual

error forces; i.e., F - KU, where F = total applied forces, K = stiffness

6.3-1



SSOL

matrix, and U = computed displacements. The error forces should always

be scanned for evidence of round-off error.

If the error print (EP) option is in effect, three items, entitled F*U, U*KU,
and ERR, will be printed for each load case. Where F and U are applied force
and computed joint motion vectors, respectively, these three items are in order,

FtU, UtKU, and the absolute value of FtU - UtKU divided by the greater of FU

or UtKU. If joint motions are specified via APPL MOTI iset, the ERR quantity

should not be interpreted as an error measure.

RESET Controls,

Default

Name Value Meanin

K K Name of stiffness matrix.

CON 1 Constraint case (see INV discussion).

KLIB 1 Library containing stiffness matrix.

KILIB 1 Library containing factored stiffness matrix.

QLIB 1 Data source, destination library.

SET 1 Load set (iset).

REAC 1 Nonzero value causes STAT REAC iset ncon
to be produced.

EP 1 Nonzero value causes error analysis to be
performed.

6.3-2
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PSF — STRESS TAELE PRINTEF

. PSF PRINTE ELEMENT STRESSES AND STRESS RESULTANTE FROM
PATA CONTARINED IN THE STRS E1J ISET ICASE DATA SETS GENERATED
gy GSF. THE SECTION PRDPERTY TARLES FOP ALL TWO AND THRPEE™
DIMENSIONAL ELEMENTS (IF PRESENT) ARE RETAINED IN CENTRAL
MEMDPY THROUGHDUT PSF ExeEcuTIiON. HACCOPRDINGLYy SUFFICIENT
CENTRAL MEMORY TO ACCOMMODATE BOTH OF THESE ARPAYSY PLUS DNE
pLock DF ANY STRS E1J pARTA SET MUST EBE PROVIDED.

THe FoOLLOWING RESET conTPOLS RRE PROVIDED.

DeFauLT

NaME VRLUE
QLIE 1
SET i
L1 1
Le

DISPLAY 1
NODES i
CrROSS 1
LINES SE
IER 1

MERMING

SpurceE LIERAPYy STRS EI1J' ISET ICRSEY AND
CASE TITL 1s€ET.

iSETe: THE LDAD €ET IDENTIFIER.
1cA<E]l (SEE SURSERUENT DISCUSSIOND.

ICASE2 - DEFAULT IS THE NUMEBER OF CASES (BLOCKS
InN THE CRSE TITL 1sET DARTR SET.

DispPLARY FORPMAT SELECTOR. ‘DETARILE ARE DISCUSSED
AND EXAMPLES PRESENTED LATER IN THIS SECTION.

FOP TWO AND THREE—DIMENSIONAL ELEMENTSs RESET
NODES= 0 TD PESTRICT PRINTOUT TO ELEMENT CENTER.

FOrR TWO-DIMENSIONAL ELEMENTSs PESET CcROSS= 0
TO PESTRICT PRINTOUT TD MID—SURFACE STRESSES.

LTNES DF PRINT PER PAGE.

Pe<eT JEA= 0 YO CAUSE THE PUN TO PE ABOPTED IF

AN ERPDOP OCCURE (E.S. DPESIGNATED SDURCE DATA
SETS PO NOT EXIST).

FOLLOWING THE LPAsT RESET cAPDs ANY OF THE FOLLOWING EXECUTIOM
CONTROL COMMANDSE MAY APPEARPs IN ANY ORDER:

DIv=
CFILTER=
SFILTER=

THE MEAMING

Fls FC F3 4% (peFALLT DIV= 1.51.91.51.3
FYe FYs Fxv$ (ND DEFAULT)
FOesSs Fons S ({NO DEFAULT)

OF THE APOVE COMMANDE IS DISCUSIED LATER.



FOLLDOWINGS THE EXECUTION CONTROL CARDS 'IF PRESENT)s A SEDPUENCE
OF RECORDE IS GIVEN DESISNATING WHICH ELEMENT TYPES ARE TO PRE
PROCESSED. FoOP EXAMPLE :

E21: E4x: E31: SZ1E

IF MND LIST DF ELEMENT TYPES 1S GIVENY THE LIST DEFAULTS TO THE
ELEMENT TYPES FORF WHRICH STRESSES WERE COMPUTED RY GSF.

PRINTDUT IS PRODUCED FOR CASES ICASEls ICASE]l + 1 I1CARSE] + 2
- = = I1r-AsEec. NoTE THAT IF THE CASE TITL pRTR SET 1S

nOT PRESENMT IN RLIEs PoOTH L1 C(rcaseld? AND LZ (ICASECZ) SHOULD
FE RESET.

FopMaAT seLeEcTION 1A THRE DISPLRY PESET 1S AS FOLLDOWS.

]

For Z2-NODE ELEMENTS:
LiISPLAY=1 FDR SHORT—FDOPRM STRESS TISPLAY.
DISFLAY=" FOR END FORCES AND MIOMENTS
TISPLAY=2 FOOP DETRILED STRPESS DISFLAY.
FOP THWO-DIMEMSIONARL ELEMENTS:
NISPLAY=1 FODP STRES=ZES.
DISFLAY=® FOF MEMBRAME STRESS PESLILTANTS.
DISPLAY=3 FOP EENDING STRESS RESLUILTANTS.

FoR THPEE-DIMEMSIDONAL £OLIDS (S41s Sals 310

TISPLAY=1 FOR ¥s¥s3sZT STRESE COMPONEMNTSe PELATIVE TO THE S
ELEMENT REFERENCE FPRRAME.

DISPLAY=2 FOP PRIMCIPRL STRESSES.

DISPLAY=2 rFor DHSs DTS¢ SI¢ YIRs WHERE!

ONS= DCTAHEDRAL MOPMAL STPESS
‘Pl + F& + P31r/3s wWHERE THE P11 = ARE
PRINCIFAL NORPMAL STRESSES.

i

05%%= prTAMETRAL SHERARP STRESS
= (PP eel + i P1-FP3R)eer+(Pi1-P2ree1)ee 5.7,
SI= Z=TREZS INTENSITY

MAaY IMUM vARLOUE oF Pri-FPag.

YSR= vIELDIN ZETRESE RATID
= 2,121322 ¢ 0SS - Yr»
Yx» 1€ WNMIAXIAL YIELD STRPESSs DEFIMED 1IM
THE SECTION PROFERTY TINPULT LSEE Z2.C.Co 5J .
ForP I=ZODTROFPIC MATERIALS YIELD BESIMS

AT YSR= 1.0 (MAaxz. ENERGY OF TDISTORTIDN THEDOR

DISPLAY=4 FOR DISPLAY OF Sxx/Yxxs Svyvs/Yvyvye ZZZ2/YZZe ETC, o
WHERE THE YIJ S APE DEFINED IN THE SECTION FROPERTY

IMPIITs &= DESCRIEED IN Z.C.2.72.

\

v.e-¢c



THE F1°c 1N THE DIV coMMAND ARPE DIVISDRSE OF THE FOLLOWING
CATEGORIES OF PRINTDUTs IN THE DORDER INDICATED: (1) =TRESSES:»
(2) MEMPRANE STRESS RESULTANTSy (3) BENDING STRESS RESULTANTS)»
AND (4) END FORCES AND MOMENTSE IN £—-NODE ELEMENTS.

THe CFILTER COMMAND “RESTRICTS PRINTDUT OF STRESSES For L AMINATE
SECTIDNS. STRESS “DATA HWILL BE PRINTED DNLY “IFy FOR SOME LAYER
IN THE ELEMENT? “THE ABSOLUTE VALUE DOF THE FIBER-DIRECTIDN -~
NOPMAL STRESS EXCEEDS "FXy “THE ABSOLUTE VALUE DF THE “TRANSVERSE
DIRECTION NOPMAL STRESS EXCEEDS Yy OPF THE APSOLUTE VALUE TF’
THE LAYEPRP SHERAP STRESS EXCEEDES FXY.

Tre SFILTER coOMMAND RESTRICTS PRINTOUT OF "DATA FDOR THREE—
DIMENSIONAL SOLIDS TD ELEMENTS FOR HHICHs AT SOME POINT» OsSsS
exceeprs Fusss DF ONS EXCEEDE FONS. IT sHDULD PE NOTED

THAT 1F THE NODES RESET IS USED TOD LIMIT STRESS DISPLAY TD
THE ELEMENT CENTERs PRINTOUT WILL BE PRODUCED IF THE SFILTER
RUALIFICATION IS MET AT ANY NODE» NOT JUST THE CENTER.

THE TERMINDLDGY USED IN THE TWO-DPIMENSIONAL ELEMENT STRESS
DPISPLAYS IS AS INDICATED. DN FIGURE 7.2-1.

B

2¢y)
3(z)
A
Joint J3 Cc
"~ 1B
A c®
c} £
B 6’0
A A /\5\
g h Mid-surface C -— 1(x)
N B Joint J2
Joint J1

Figure 7.2-1: Stress Display Notation, Two- Dimensional Elements



PSF L1}

PSF Example, Element Type E21 Default Display

TRAMIVERIE ZHERR + TWIZTIMG MOMENT CHTE 7= &
FIMz *TIFFEMERSs Z=e0 s SROUF 1

=2f STRETIZESY DIWIDED EY FO0G, 0060
piRE COMETHETD TFAMIVERTE

COMHECTED PR 4 BEMDIMG THEAR ZTREZE TWI=T

IMIE:  JJINTE TeErnz10mM COMF FoF 8 | EE THERR

i =5 Zé& T2 R I d,40 . 1 o0
c = o R =51, 77 I N Y Y T
I =7 oo 21,20 -5FL. 20 o Ll L . 1 o
4 oF =3 P, 0 — 2, 03 . 2 o O . 0 . D
5 o = SR SE ~zd, d [ NERL T o Li
= =L 21 B -51.73 S g . 0 L0
v 1 e HeE —£5. I R <0 L . 0
= o 2% L W =710 -T. 1z < gy .

\ J
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occurring at eight

cross-—-section locations
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EIG

Section 8

EIG — SPARSE MATRIX EIGENSOLVER

Function. EIG solves linear vibration and bifurcation buckling

eigenproblems of the types indicated by Eqs. (1) and (2).

rMX - KX =0 (1)

i-KgX + KX =0 (2)
K and Kg must be in the SPAR standard sparse matrix format; M may
be in either SPAR sparse matrix or diagonal format; and K must be non-

singular. K need not be positive-definite in Eq. (1), but must be positive-

definite in Eq. (2).

EIG implements an iterative process consisting of a Stodola
(matrix iteration) procedure followed by a Rayleigh-Ritz procedure, followed
by a second Stodola procedure, etc., resulting in successively refined
approximations of m eigenvectors associated with the m eigenvalues of

Egs. (1) or (2) closest to zero. Closely spaced roots do not adversely

affect the process.

In the following discussion of application of the process to Eq. (1),
it is assumed that M and K are n x n, and that m linearly independent

system vectors, Y,, Y,, - - Y are known. Methods of initiating these

m’

vectors will be discussed later. Usually m is chosen to be much less

than n; that is, m is usually 4 to 30, while n may be extremely large

(e.g. 10000 +).

In the following discussion, Z is a general linear combination

of the Y's:

Z

qlY1+q2Y2+...+q Y

HQ, where

Y+ 1°2A



EIG

(Y1 Y2 -«---Ym), and

(%
2

(ay 9, -==-q,)" | (3)

The Rayleigh-Ritz procedure consists of replacing X with Z in Eq. (1);
that is, substituting (3) into (1) and pre-multiplying by ¥ :
r (H*MH)Q + (H¥*KH)Q = 0 (4)

Using the Cholesky-Householder method, this low-order eigenproblem
is solved for all m eigenvectors Q,, Q,, ~--- Q_ . The Rayleigh-Ritz
procedure is concluded by using Eq. (3) to calculate m improved

approximations of the n - order system eigenvectors,

z, = HQ,
22 = HQ2
Z = HQ (5)
m IXt

The Stodola (matrix iteration) step is as follows. From each Z

of Eq. (5) a new Y is computed, subject to the requirement that

MZ = KY. (6)

In performing MZ calculations and in solving for Y, SPAR's sparse-
matrix algorithms are used. The iterative process continues by using
the new Y's in another Rayleigh-Ritz procedure, etc. Vectors are

regularly renormalized to avoid scaling problems.

The convergence resulting from Eq. (6) is readily observed by

considering vectors Z and Y as linear combinations of the n system

eigenvectors Xl’ XZ -- Xn'



L1l FLUID
ELEMENTS

Where U is the system joint motion vector, the total gravitational, dilitational,
and kinetic energies resident in all fluid (F4l, F6l, F81) elements in the
system are, in order:

t .t .
rU’ Vd=§5U K, U, and Tf=;2U MfU .

t
Vo~ K 4

g

Processor FSM generates the matrices Kgr’ Kd, and Mf, and stores them in SPAR
format system matrix data sets named FG, FK, and FM, in order. FSM requires
one input record, which defines the acceleration of the fluid relative to the

global reference frame; i.e. ax is acceleration in global direction x, etc.:

i

@XQT FSM

G= a, a, a, $ No default; all 3 components must be given. Total acceleration
y must be normal to the free surface of the fluid.

The following RESET controls are provided in FSM:

Default
Name Value Meaning
HLIB 1 Library containing KMAP, produced by processor TOPO.
OUTLIB 1 Destination library for outputs FG, FK, FM.
LREC 2200 Output data set block length.

The core space required by FSM 1is as follows:
The block length of KMAP

+ 3 x the output data set block length

+ 3 x ndf2 x ksize, where
ndf is the number of degrees of freedom per joint (usually 3 or 6), and

ksize is a parameter generated by processor TOPO.

The default core size is normally adequate, even for very large systems.

L13A 12-5



FLUID L11
ELEMENTS
12.4 APPLICATION OF MATRICES GENERATED BY FSM

There are many applications for the matrices generated by FSM,
including computation of rigid-wall fluid slosh modes and hydroelastic modes,

as illustrated in examples in Volume 3 of the SPAR Reference Manual.

When forming linear combinations of FG, FK, FM; K, M, KG, DEM, RMASS, etc.,
it is extremely important to be aware of the potential effects of round-off
error; especially when using the single precision version of EIG on UNIVAC
systems, which have only 36 bits per word. 1f you are not certain of the
relative magnitudes of corresponding terms in matrices to be summed, use
processor PS to examine them. In some applications it is possible to get
around round-off problems by changing stiffnesses. For example, the rigid-

wall fluid slosh problem is:

fo +(Kgr + Kd)X =0 .

If terms of Kd are six orders of magnitude greater than those of Kgr’ it is
reasonable to instead solve the following eigenproblem:

MfX +(Kgr + .001 Kd)X =0 .

Both problems have substantially identical low-frequency solutions, since the
fluid is virtually incompressible in both cases. When assumptions of this kind
are made, it is necessary to make post-solution checks of their validity. In
this example, a good check would be to use AUS to assure that XthX / XtKng is

much smaller than 1.

It should also be noted that since (Kgr + Kd) is singular, fluid meshes generally
possess many zero-frequency circulation modes. Accordingly, spectral shifts are

necessary in computing slosh modes.

It should also be noted that the element volume summary printed by FSM may
indicate a correct total volume for a mesh containing input errors; e.g.

an interior node may be badly out of position without affecting the total volume.

12-6
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ELASTIC BEAM, MEMBRANE, AND BENDING ELEMENT

Section A

FORMULATIONS
Table of Contents
Subsection Contents Page
i Stiffness Matrices A-2
1.1 Beams
1.2 TFlat membrane and bending elements
1.3 Warped quadrilateral elements
2 Mass Matrices A-15
3 Geometric Stiffness Matrices ' A-19

The following table summarizes the correspondence between the element formulations

(e.g., K21, M62, etc.) discussed in this section and the SPAR element designations

(E21, E22, etc.).

Element

TzEe

E21 Gen. Beam
E22 Direct K

E23 Bar
E24 Plane beam

E25 Direct K, L=0

E31 Membrane
E32 Bending
E33 Mem. + bending

Eul Membrane

Eu2 Bending

E43 Mem. + bending
E44 Shear panel

Stiffness Matrix

Formulation

K21

(see page A-4)
(see page A-U4)
(see page A-Y4)
(see page A-4)

™
TPB7
TM+TPB7

QMBS

QPB11
QMBS5+QPB11
QMB1

Mass Matrix

Formulation

M62
none
M32
ME2

none

M33
M63
M63

M34
ML
Mbu
M3y

Geometric
Stiffness Matrix
Formulation
BEAMKG

BARKG

BARKG

BEAMKG

none

GTM
none

GTP

GQM
none
GQP
GQM



1. Stiffness Matrices

Jpdividual element K's computed by the routines K21, TM, QPB11, etc., indicated
in the table on page 1-1 are relative to intrinsic reference frames imbedded

in the elements. As indicated on Figure 1-1, the intrinsic frames move with

the elements as the structure deforms.

J 1 riat Bending Elements

L

e [Bshed lines indicate undeformed shape.

e For beams, the origin of the intrinsic frame is imbedded in (rotates with)
e joint J2, to which the beam terminus connects.

e For bending elements, the origin of the intrinsic frame is imbedded in Jl.
¢ In the undeformed state, the intrinsic frames coincide with the local

"element reference frames."

FIGURE 1-1 INTRINSIC FRAMES

The basis on which the beam element intrinsic K's are computed is discussed
in section 1.1. The basis for computing K's for flat membrane and bending

elements is discussed in section 1.2.

Computation of intrinsic K's for warped quadrilateral Eul, E43, and Eub

elements is discussed in section 1.3.



In equation (1-3), 8,97 5)¢ and 55 aTe associated with bending about principal
axis 2; s oL s o, and shh with bending about principal axis-1.

On Figure 1-3, components of the element intrinsic deformation vector, and the

associated point forces, p, , and moments are shown.
i

2 .
The ulj's correspond to the
first of equation (1-1).

ps 2] p2,u

Beam Origin (Centroid)

p,G
>. _“__1_.1
P63 - P swy
Dyru3
‘,/////3’ 3
3

FIGURE 1-3: FORCES, DEFORMATIONS RELATIVE TO INTRINSIC FRAME

In order to identify K, the equilibrium relation between the piiS (Fig. 1-3)
and f s (Fig. 1-2) will be established. In the following, 9, %, and 2, are as

deflned on Figure 1-2. Also, ¢ = cos @, s = sin ©.

'pl* 1 0 0 0 0 o [ ¢ -s 0 0 0 0
p,| |© 1 0 0 0 0 s c 0 0 0 0
py| |0 0 1 0 0 0 0 0 1 0 0 0
P, 1o 0 0 1 0 0 0 0 0 c -s 0
pg| |0 0 0 0 1 0 0 0 0 s c 0
pe| |2, 2, 0 0 0 1 0 0 0 0 0 1
or,

p=Tf%, (1-6)

t

where T is defined by equation (1-5), and p = [pl Poeee p6J .
The kinematical relation indicated by equation (1-7) may readily be verified.
5=1"1. . (1-7)

,{(1=5



From equations (1-L), (1-6), and (1-7),

T3S TtU, or '
T 5 T, (1-8)

p
K

If the shear center and centroid coincide, and the intrinsic frame axes are in
principal planes,
K = S.

The following symbols will be used in identifying the eight non-zero sij's.

L = Jlength of beam.

A = cross sectional area;

E = modulus of elasticity,

G = shear modulus,

Il’ 12 = cross-section moments of inertia about principal axes 1 and 2,
respectively,

Ql’ a2 = +transverse shear deflection constants (see Timoshenko "Strength

of Materials," Part 1, p. 170),
= uniform torsion constant, and

= pon-uniform torsion constant (see Timoshenko "Strength of

Materials," Part 2, p. 255-273).
The axial spring constant is

533 = AE/L.

The torsional constant is

-1

> , where b = %‘-\/0701

_C tanh b
Se6 = L (1 " Tp

which assumes no warping of end cross sections.

Under the usual assumptions of Timoshenko beam theory,

éd =1° __EE_, f L2 + f fﬁ:&
1 "1 3 EI, -5 2 ET, 1 GA
2
L L
6 =_f + f a—
5 1 2 El, 5 E,’
L13A



L10

E12 EIQ
or where e, * == %7 and = —
l GA kl el + L /12 4
6 (L . "'1) 1 £
3 T 2
] £ S N
5 ] 2 L 5]
and
kS 1 2,
L 2 1
= kl ,
e
1 L, 1
f — —
5 2 ( 3 f’) %
. = S ol L— -

From the above, the first set of bending stiffness constants may be identified as:

u Lk
815 T "’% ky 5 and
ot (5 1)a-
Also,
Sz T '%T “,
S), = - %‘-kz, and
A Shh = (%; * _;g ) k2’

where the definitions of k, and e, are analogous to those of k, and e,.

L13A



1.3 Warped Quadrilateral Membrane and Bending Elements

Intrinsic deformation vectors for slightly warped quadrilateral elements are

defined the same as indicated in Eq. (1-1) for flat elements, except that the

deformation components of node 4 ( ug, 92 ) are parallel to the X -y - z

frame shown below. z

y Point D is in the
x -y plane, and line
- D-J4 is perpendicular

A JH A X 13 to the x -y plane.

Intrinsic Frame
/ AN

. 2 is in x -y plane
] - X
\,900— a

N

y
X-y-2z = AN
N
J2

Ji

The orientation of x - y - z is defined by the following sequence of rotationms,
z

x
beginning with x - y - z parallel to x - y - z:

(1) Rotate a about until J2 is in the y-z plane.

(2) Rotate B about
(3) Rotate -a about z.

z
% until J2 is on the negative y axis.

As a result of the above sequence, J2 lies in the Xx-y plane, and x and y are

nearly parallel to x and y , provided that the warping is slight (i.e., B < .05).

The basic assumption used in forming stiffness matrices for warped quadrilateral
elements is that the terms of the intrinsic K are the same as if the element
were flat, i.e. the same as if J4 were in the x-y plane. As an example of the
effect of this assumption, note that for E4l elements, a displacement of Ju4 in

the direction of z will produce no stress in the element.

Warping is taken into account only in computing element stiffness matrices, not

in computing consistent mass or geometric stiffness matrices.

L13A A-14



Section B

FLUID ELEMENT FORMULATIONS

Fluid element types F41 (tetrahedron), F61 (pentahedron), and F81

(hexahedron) are illustrated on Figure 1.

z Z
z

J6

J4 / y J4

J3
J1

T2 TT—x J1

F41 F61

Figure i: Fluid Elements

Individual element state vectors, q, for each element type are summarized

below.
— - - - .
Un Ui Uy
. LU , Usa , Ua1
or F4l's: Uz, For F6l's: Ug, For F8l's: Ui,
U2 U2 Uj2
Uz2 Uz2 Uz2
q = U32 o q = U32 B q = U32 o (1)
Uyy
Uoy .
| Usy Uy
Uze
| Use | Uyg
Uzg
| Uss |

Uij is the direction-i displacement of node j, relative to the local

element reference frame.



For an individual element, dilitational elastic energy, Vd, gravitational

potential energy, Vgr’ and kinetic energy, ﬁf, are expressed as quadratic

forms in the Uij's as follows.

s - k w2
Vd =1Lk g Kd a=X% - s dS ,

e
Surface
V =k qt K q=%mg w2 dS, and
gr gr n s ?
Surface
Ef=1§étﬁiq%% m[(ﬁ2+62+v§72) av.
Volume

In the above equations

k = fluid bulk modulus,

Ve = element volume,

w, = displacement normal to the element surface,
m = fluid mass density,

&, = component of gravitational acceleration

normal to the surface, and

u,v,w = displacement components of a fluid
particle on the interior of an element.

(2)

(3)

(4)



Section C

CEIG - Complex Eigensolver
CEIG solves high-order linear eigenproblems of the following type:

2

A*MX + A(D + G)X + KX =0. ‘ (13
Matrices M, D, and K are real and symmetric. G is real and antisymmetric.
M may be diagonal or general (SPAR-format). D, G, and K are SPAR-format.
The complex eigenvalues and eigenvectors, A and X, occur in conjugate pairs.
The primary application intended for CEIG is computation of a limited number
of eigensolutions for damped and/or spinning structures modelled by finite

element networks of high order, i.e. many thousands of degrees of freedom.

Iterative Procedure

CEIG iterates simultaneously on approximations of n eigenvectors. In the

following discussion, Y  and YI are the real and imaginary parts, respect-

R
ively, of the current eigenvector approximations at the beginning of an

iteration cycle. That is, where the current approximation of x3 isYJ + iYJs

_ 1,2 n
Y = {YR Yo - YR}
_ 1,2 _ _ yn
Y. o= (Y] Y] Y} (2)

Each iteration cycle consists of the following steps. Details of individual

steps are discussed later.

1- Eigenvalue approximations, Xj, corresponding to each eigenvector
approximation, Yi + iY%, for j = 1 through n, are computed and compared
with the corresponding eigenvalue approximations as determined in the
preceeding iteration cycle. If the convergence criteria are met (see
Volume 1! of the SPAR Reference Manual) execution is terminated.

Otherwise, the following steps are performed.



2- A Stodola procedure is executed to establish improved eigenvector

approximations, ZR + iZI’ where

_ 1 2 n
Zp = {Zg T - Iy}
_ 1 2 n
zI = {z.I ZI - - ZI}' (3

3- Preparatory to performing a Rayleigh - Ritz analysis in which
J
1 ,
the following twelve n by n matrices are computed:

coefficients of the (Z% + iZ7) 's are used as generalized coordinates,

t t ) t
Zg M Zy. Zg M Zp; 2; M 2,
& T t
Zg D Zps Zg D Zy 2, D oz,
i t , t
Zy G 2 Zg G Zys 2, 6 2o,
t t t
Zg K 2p. zg K Z, 2y K Zp. (4)

4- A Rayleigh - Ritz analysis is performed, resulting in computation of

new approximations of n eigenvalues, and the four Ekm matrices used

in the following step.

5- The final step in an iteration cycle is back-transformation of the

eigenvectors computed in the Rayleigh - Ritz procedure:

new Y_ = Z E + Z E

new Yi = 2z E + Z E T (5)

c-2



Section D
Three-Dimensional Solid Element Formulations

For element types S41, S61, and S81, the basis of individual element
formulations is as follows. :

Stiffness and stress matrices are based on the assumed stress field-
minimum complementary energy (Pian) method, which is described in
general terms in Section A, Volume 2 of this manual. For S61 and
S81, the assumed stress field is as follows:

o, = Bl + 37 y + 88 z + Bl6 vz
oy = BZ + 89 x + 810 z + Bl7 xz
g = 63 + 811 x + 812 y + B18 xy
Txy = 84 + B13 z
T2 T Bs  t B ¥
x - B t BisY

For S41, only Bl - 86 apply (constant stress).

Consistent mass matrices, as computed in processor M, are based on the
same formulation as described in Section B for fluid elements S41, S61,
and S81. In processor E, diagonal mass matrices are computed by, in
effect, computing consistent mass matrices, then summing terms to obtain
the same nodal forces under uniform translational acceleration as would
be computed using the consistent mass matrix.

Initial stress stiffness matrices, K , are not computed for S41, S61, or
S81 in processor KG. &
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20. THREE DIMENSIONAL STRESS ANALYSIS

Comparisons are made between analytical solutions and results obtained
using the three-dimensional solid elements. In comparisons of this type,
there are always questions as to the most appropriate choice of mesh
geometry and boundary conditions. The data input for each example is
listed, defining completely all aspects of the finite element models.
Since the input is quite brief, detailed explanations of basic problem
parameters are not duplicated in the text.

20.1 BEAM BENDING

The finite element model illustrated below was used to analyze bending
of a bar of square cross-section, for comparison with the analytical
solution given in Chapter 15, '"The Mathematical Theory of Elasticity,"
by A. E. H. Love. The applied loading was self-equilibrating; accord-
ingly statically-determinate constraint was imposed. End shear loads
were distributed parabolically, and the end couple formed by linearly-
varying direct stresses. Since the three-dimensional elements use only
nodal displacements as generalized displacements, it was not possible to
match displacement derivitives at the origin with those of the usual
analytical solution; accordingly, rigid body motion in the analytical
solution was selected such that lateral displacement at (0,0,4) was
identical to that of the finite element solution.

] 0.5 fee— 4.0

E = 10.92 x 106

v = .25
s
| 4 0.5 I
| 1 2

-

l ]
| :T '+
L _|——_ 4 - - - . - - . . - =~ - - 4

1
|
-
XZ = symmetry plane, YZ = anti-symmetry plane.

>

Direction Z normal stresses throughout the model agreed with the analytical
solution to 4 decimal places. Displacements are compared on the following
page. Transverse shear stresses are compared below:

S81 Analytical

-.125, y =-.25: ~137.5 -138.2
-.375, y =-.25: -62.5 -64.3

At x
At x

20.1



Comparison of displacements, beam bending solution:

S81 solution Analytical solution
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Data input for finite element solution, beam bending example:

Gl fumd s P P
O O I RV VIR I JEN I S, B NP

17

)
U

r

(== JRN BN IR B2 SRUAL B SR

RN I OO S R (U X R U O (O

SR TSI EGIRND S P AVE

0 00 =g T N

unu~bxzb.ufi&~nzzuuunuuaa

N
-

<o

l-
r

=~
0

=4

S5

S

24T TAER
START 5S4 4+5.K
Jpc: t .00 .00 .00 .00 -.50 .uvu 21 S
& .00 .00 4.00 .00 —.50 4.00
5 -.50 .00 .00 -.50 -.50 .00 21 Q
5 -.50 .00 4.00 —.50 -.50 4.00
2 -,25 .00 .00 —-.25 -.50 .00 21 =
& —.25 .00 4.00 -.25 -.50 4.00
CON=1: ZEPD 1 2 3: 1: ZERO 3: 5
SYMMETPRPY PLANE=2
ANTTSYMMETRY PLANE=1
MATC: 1 10.92+5 .25 .098
PXART ALIS
TAERLE ¢NI=%1sNJ=1>: PROP BTAE < 2%
J=12 . 098>
2, 1575-2>
-2.e894-3 9.1575-8> '
—P_.2894-8 —-2.23%94-2 2,1575-8>
0. 0. 0. 2.3210-7>
0. 0. Q. Q. 2.3810-7>
0. 0. 0. . n. 2.3810-
12.6-6 12.6-8 12.6-6 1. 1. 1. 1. 1. 1.
PxAT ELD
a1 2R 126 -1201
IXDT E
FESET =385,
axXIT EKE
FRET TOPO
AEDT K
PHERT TN
PHRAT AUE
ALPHA: CRSE TITLE 1 1
17 TRAMSYERSE SHERR LOARD = 100 LEX
SYSVEC: APPL FORC 1 1 :
CRSE 1: I=1: J=439,50: 94,4928
J=51+92: H.540
J=53«54: 1,357
d=1+2: —4,.4322
J=3+4: —A,. 540
d=5+k2 —1.3:72
I=3: J=1.2: —-12.95
J=3sd: ~=75.
J=5.8: -52.95
AT SEOL
FAOT VPRT
LIMES=54
TPRINT STAT DIZP 1 15
‘MISPLACEMENTS, S4 JOINT 1X1 BEAMs REGULAR GREID
TPRINT =THT REAC 1 1>
‘REACTIOMS:s S4 JOIMT 1X1 BEAMs REGLLAR GRID
2XEOT GEF
aXOT PEF

20T DCL

TITLE 1754 JDINT 1X1 SGURRE EERM,

TOC
<TOP

1
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20.2 TORSION OF A SQUARE PRISM

The finite element model shown below was used to analyze torsion of a
square prism, for comparison with the analytical solution given on page
275 of "Theory of Elasticity," by S. Timoshenko and J. N. Goodjer. The
applied loading consisted of specified displacements at joints 122
through 242, corresponding to a rotation of .0l radians about the Z axis.

Z
b4 '(/"““0~5
O D— //_i_ 1 o ‘=.__-_,.’|.;/>/
1222 132

/////’/ e /:/ e x‘!” P X

K 11
A E = 10.92 x 10
/ v = .25

1.0 e .

- Twist, about the
-1 Z axis = .02 radians/in.
//// XY, YZ, and ZX are
//// anti-symmetry planes.
///
///242

ITI 121

Y

The assumed stress field on which the S81 elements are based is such
that for this solution, the shear stresses within each element are
constant. Except in the vicinity of cornmer node 121 (x = 1, y = 1),
where the stress is zero, the finite elemeont results compared closely
with the analytical solution. At the locations of maximum stress,

(1,0) and (0,1), the error in the finite element solution was less

than 1%. Errors in mid-element stresses near node 121 were typically 5%

Cross-section warping results are shown on the next page.
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Comparison of cross-section warping, torsion of square prism:

S81 Analytical solution

JOINT 2 JOINT 3
23 L 000 * 23 00D *
24 -.440-05 24 -.438-03
25 . 341-08 =] . DR1-09
26 .22n-04 (=) .219-04
er . 705-04 27 L 70104
22 . 15403 . 152023
o= L2581-03 .280-03
20 .459-072 . 457-02

n
0

}
|

= L 5a5-073 L BO3-02
= L995-02 = = il 13
L 1Ee-02 L1350

Lo *
-, 40—
-, 70S-04
-.617=-04
-, 304-07

. 000 *

L 209-02

NN A £ B B & g2 00 00 G
[ e T 2 I B SR A I £
i I TR N S VIS B (BN B0 CRE | TR o NI e S

n N0 CRON) B8 ) A B RO ) Y CR N R A 9 € S P R TR g

L133-02 L 132-02

. 255-02 . 202-07

L BE2=-072 LESN-02
&3 .113-0¢ . 112-02
54 LA72-02 LAT1-02
ke . C4d-0g = o3 =-02
Y L 0 * ra Lnon *
&2 =,1532-07% 2 -, 152-03
82 —.e31-03 £Q -, 280-0D3
TN =, 35703 TO —-.355-03
Ti -.355-02 71 -.35z2-02
72 —.245-03 72 —.244-032
T3 =.220-03 T3 . 4534-02
e LH13-03 ra:) LA11-03
S L10E=02 rg=] Lloz-02
= . 1ER-02 = . 13502
vV L2E3-02 2 LeSe-ne
P LD + R ] L nan -
an - 3E2-03 A = 2E2-03
2] -, 59503 Q9] -, R9R-N2
gz -, QeE-03 S92 —-.950-03
9z —-.113-08 9% -, 113z-08
a4 -.117-02 aq4 =, 116-02
a5 —.102-02 a5 —.10z2-02
25n - EeS2-02 SE -, RGE-N3
a7 L 189-02 a7 . 7T45-00
1= e L NI L 32 CQR0-02
3 L 229-02 Q3 L22E-02
111 L 0nn . 111 0N .
112 - 03 112 —.A%e—103
11z -, -0z 112 -, 12802

U IURS )

114 —.
115 -,
1126 -

I-LTHL*J

ru
—_
-
$a
|
-
Ju]
N
]
x

T O RO DY MY NI e D A
Q200N b

117 - 202 117 —-.292-02
112 —-. 2-ns 112 —-.221-0¢
119 -.229-0¢ 119 -.2228-02
= -, 15e-02 1zn -.151-02
121 -.843-07 121 .295-05



Data input, finite element solution, torsion of square prism:

QRVUIR G BN TS SRE S I ORI (NI SRR L (RS 5 SRS ) I NP5 I 0 RSN

= o 0 N T R Lt T e

AR TN e (G TG e

o

BB 0 LY 0 G X 0 0T G G T PR P PO D T D D0 TP e bt et gt bbb e At i et

s b b
T T £ a3 P o=

O N
1Y

-

b
)

e

[ =2

[
LY i
[~

iy

2

Aol

>
=c

aHRT THE
STRFT I
LD i
it
ice {
i1 0. 1.
ANTISYMMETRY
ANTISYMMETPY
AHTISYMMETRY
NONZERPD 1 &:
FEPERT 11 11
i 10.92+5 .25

J
L
A

4

= D)
o
[y
Q
o D I
o

JSE:
MAT :
AHOT ALS

THEILE <HI=321+«NJ=1>: F

NES & o DEE>
2, 1575-2>
-g.c894- S
-2, o894~ -2

s
;

Mo o e 600
oo

bt
r
T
i
J
—-

PAT ELD
Tei: i 10 10
2HERT E
FETET G=230.
FECT EKE
20T TOPD
PHEDT ¥
T ITHY
AT RHIEE
RLPHR:
17THIZT =
F= RIGIDO1:
APPLIED MOTIDOMNE
IYSYWECsIl: APPLIED
OFPEFRTIDOM= =TiM:
PAE0T =00
IHEOT AU
DEFINE SF= STAT PERC
DEFINE Pe= P RUZ 1 1
ERZE FERLC = LMIONCE
SYEWED Uls BRETE RERC
OFERATIDN= XS0
TOROMIE= XTY (4. PERZE-
T InCd
PFRINT 1 TOFDLUE
AX0T VYPRT
HERDIMNG=1
TPFINT STAT ISP 1 1
3ADT REF
axOT PIF
Div=1.+2
el

STOP

[y
(S
(SN

CTHZE TITLE
. 12 PRD
DEFINE

20.6

Fo=
i= UMIONT. 01 P
MOTICHE 1

e Do Ot}
. 1. 0.0
. 0. 0.5
i. 1. 0.8
PLANE=1
PLANE=2
FLANE=Z2
188 242
n: 1-1i+122-,132

L Qo

i i1 1 11
1
i 11 1 11

POF BTAE 2 21

1S575-2>
cRB9G-2 9157520
0. o 32 0=

)
2D o i s
b (LI

TANS #TNCH
FALEE

- -
LB N =

11

d=1121: 0. 0, 1,

I=1 & 33

1
e
£

1

I=1 &
=y

0
_
]
—
o
n
o
F N
n
-}

“SPPRF OJOINT DISPLACEMENTS



20.3 PRESSURIZED SPHERE

The finite element model shown below was used to analyze a pressurized
sphere, for comparison with the analytical solution given on page 142
of "The Mathematical Theory of Elasticity," by A. E. H. Love. ~

120.

E = 10.92 x 106

v = .25
Internal pressure
at r = 60 is 40.

External pressure
at r = 120 1s 2200.

Results are shown on the following page.
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Radial displacements in the pressurized sphere, as computed in the
finite element analysis, are compared below with the analytical
solution:

S81 solution Analytical solution
JOINT 3 JOINT =
i —-.15%-01 1 -.152-01
5 =, 1de—01 S - 144-01
Q - idz-n1 2 =, 140-01
12 -.141-101 12 =, 140-11
17 - 142-01 17 —.141-01
=1 =, 14e=101 b SIS B T D |
S5 =L 190-01 &5 —.149-01
o~ 15%-01 &3 —.154-01
a3 -, 181-101 2 o —-.155%-0

Stresses in the finite element model are compared below with the
analytical solution:

S81 solution Analytical solution

ey
¢ P

SZ4+Nd —,359+02

SFF-IHDe JDINT ¥
1+ 1e MID 35
—. 105404

17 e MID ey
1.~ Se MID -, 2NE4 09—

)

=, 1240

e

z 1 . 4

% = i

Z0E = i A
1.7 de MID agLuq+H4 -, 295+ 0s -, 189+i1d 4 -, 1€ (i4 104
17 Se HID —.285+04 - ZES+04 -, (122404 5 _:1; u#u4
) e MID —-.279+04 -, 279+04 -, 201+034 & - 1S+ 0
1. Te MID —.274+03 — Z7F4+0d4 -, Z11+04 7 - SN
i Se MID —.270+04 — ZTO+04 —, 219+04 = -z VS (e
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Input data for the finite element model of the pressurized sphere
was as follows:

PX0OT TAR
START 36 19254550
TITLEZSPHERICAL SEGMENTs R0O=120s R1=50 i
JLoc: i =5.279 =5.229 592,772 5.229 -5.229 5,772 2 1 ©
—~10.459 —10.459 119,543 10,459 —-10.459 119.543

LWL QY -

4
3 =5.22% 5.229 59.7re S.229 5.229 Se.772 2 1 @
4 —10.45% 10.459 119.543 10.45% 10,459 119,543
ALTREF: 2 2 -S5. 1 +4.98107: 3 2 +5. 1 +4,93107
42 +5. 1 —-4.9%107: S 2 -5. 1 —-4.983107
10 AREF: NREF=&: 1+s33:4: NREF=3: 2+34+4
11 NREF=S: Rs35s4: NREF=4: d+.35+4
i2 MRTLC: 1 10.92+8 .25 . 098
132 COH=1
14 MRT RUS ,
15 TARLE (NI=31+MJ=1>: PROP BTRE 2 &1
15 J=1: . Q9E>
i7 Q,1575-3>
iz -2.28%94-8 9,1575-3>
= -2.2894~-3 —2.2594-3 Q.1575-3>
n. . . 2.3310-7>
0. 0. 0. 0. 2.3310=-7>
0. 0. 0. 0. 0. 2.3310-7>
12.6-5 12.6=5 12.6-5 1. 1, 1. 1. 1. 1.
F¥RT ELD
S&81: 111812401
MEOT E
PESET G=323%5,
IXOT EKS
»X2T TOFD
MXRT K
FARET INY

FRRT AUE

IWIVEC: APPL FDFC 1 1

I=3: J=1s4: 10932.34: J=3R:3n: —c40539.
RLPHA:. CRSE TITLE 1 1

1 IMSIDE PRESSURE=41, OUTSIDE PRESSURE=ceOn

H I."n -2 DO 0N ] u‘-'l DO A ROO BT N (VR VR K IR N O XV
=L ) T N R GO T e D 00 S T N e ) T e D

2
-~ T
Q
mn
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20.4 ROTATING DISK

The finite element model shown below was used to perform an analysis

of the guasi-static response of a rotating cylindrical disk, for com-
parison with the analytical solution given on page 143, "The Mathematical
Theory of Elasticity,” by A. E. H. Love. The XY plane is the mid-plane
of the disk. The system diagonal mass matrix was used in computing the
centrifugal force field due to the rotation about the Z axis.

E = 10.92 x 106
v = .25

Constant angular

velocity about the
Z axis = 3000 rad/sec.

XY is a symmetry plane.

Results are shown on the following pages.
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Stresses computed in the finite element analysis are compared below
with the analytical solution. All S61 and S81 elements were defined
such that the element reference frames were parallel to the global
frame. Accordingly, SX and SY are circumferential and radlal normal

stress, respectively.

S81 stresses Analytical solution
GRFP-IMDe JOIMT =¥ =Y ) SX SY
) ie MID LA114+05 . 292+ 05 1 A1 E1S+05 o ST 0405
17 ce MID LE204+05 L 290+03 c CEE091+05 L EEA0T40S
1. Se MID JEZG+NS L TSR+NS = . B3F0NS+05 L YE20NS+05
17 3o MID arr1+05 CEITH0S 4 e rr1SV+05 CBEIRDI+0S
1~ Se MID CBSGH0S GBI+ 05 b o BAZYTHNOS » FROSTF+09
1.7 e MID LEDOHDS L 2ITH0S = o QTSNS e 212+ 05
1~ Te MID CASEH0S 0 113405 v FI041+05 1122405
i Se MID LAY 0+05 s 2ATHNGS = 21103+ 05 LSRR+ 05
) Se MIL L ST+ 05 e l=EN L = . TSRS+ 05 CEISO1+05
1< 10e MID SEIIHNS L, TES+0G 1n SICK ¥ C TEOSS+05
is 1ie MID P 1 S b e ] b 11 L B3G9+ 05
ir 12 MID CEROZH0S 42+ 05 1c 323991+ 015
is 1Ze MID LOR9+H0S L 21TH05 1= IRCS Bat=1-% J 1}
i. 1d4e HMID LAETFH0S 112405 14 Lli1Z20+05
1~ 15¢ MID LINEH0S L 3SIH05 T 1S LER2AZ+0S
i.- ice+ MID 2 P 16 SIS+ 0S
1+ 17e HMID 17 . TY22T+0S
1+ 12« MID 1= T L E22E3+0S
17 19e ®MID ) 13 R0+ 0S L SETE0+0S
1~ &0e MID L SO cn b el bt =5 o kb ¢ F1EVE+05
14 21« HMID CHEEHOS 115405 o1 cGETESHNS . 11 059+05
S61 stresses Analytical solution
GRF-IHDe JDIMT O =Y SX

1. 1 HMID LGCE+DT | AZE4+05 L FEESSHNE .

12 2« MID  .925+05 ., 92S+0S .ozs19+05

1.~ Ze MID LAZZHNS 22405 CRE2ZNEF0S =¥
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Displacements computed in the finite element analysis are compared
below with the analytical solution. Direction 1 is radial, and
direction 3 1is parallel to the Z axis.

Finite element solution Analytical solution

JO0IHT 1

!
[-—)
3

1

2 O
. i L 0nn + -, 42R-02 1 o n ¢ —.4z4-02
2 , oo ¢ -, 224-0Z c i ¢ -, 2E32-02
3 L ann ® -, 14z-02 ) Lo + —-.l4z2-02
94 L 0N * Lo - ) L ann * —.53d4-10e
S e TR -02 - GE=-N2 S c TER-N2 -, 415802
& . TOR=-NZ - 2an-02 & L FRE=02 - 28 0=-02
? LPad =02 e 1 0=03 7 0 FRT=012 =, 140=-02
2 L TAS=02 L on * =] . FRd=0Ng = mZF=-10e
< L 185=111 -, 4 05=02 ) L 185=111 -, G2
i L1898 -01 - 27 0N=02 in . 155-11 -, 2F =0z
11 Lise-01 —-.135-02 i1 . 158—01 -.135-02
iz Lc1SE-01 L a0 * 1z 152101 —.e03-10e
iz LeEe—-01 —.220-02 1= L225-0 - 3TE=-0z
14 LEaT-01 - E52-N2 14 LSCR—01 - 253-02
is =r - 127=02 b cege—01 -.1av-nz
i o2 L 00N + Le27v-m -.955—10e
i7 - -, 43— g L 22T =01 -, 342-02
12 .2 -, 230=0g 1= .2 - 28902
19 . - 115~z b= o - 115-0
zn o 1 L, (0 + ct i o =, 5121 0e
21 S EEE-0]  E9s-ne £ . R -l S
22 LERe-ng - 199-02 - - 1RE-0
23 L240-01 =, 99803 =3 . - BRE-03
&4 JEan-01 Lonog . ¢4 -2 —. 4441 0e
25 JET4-M —-.242-0 25 W3 - 240-0z
SE JETE-DL - 1B1-03 2E L3 - 181-02
27 LITT-01 —.E07-03 SR —.2F05-03
o= L ITT-01 L 00 - iz <2 - 2ed
2% L EIE-01 - 1T1-02 23 .3 - 173
a0 L EEs-1 - 115=-02 =0 .2 -. 114
21 TR B -, STI-02 21 Ll -. 554
e o ZOE -1 M . =2 . 225-01 -. 251
=3 Lm0 - 112=02 23 S 2R0-101 -~
éé L mad -0 - TEl-03 =4 L 2R2-01 -, EBSZ
a5 LRGS0 e e e 2% o 2R2I-01 -, 223
el L 2AS-101 00 + FE o R ~. 147

20.12



(S5

[Ny

OO RO A X RO D)

The following input data was used to generate the finite element
solution for the rotating disk:

3RAT TRHE
ETHFET &8 355

TITLE“RDTATIMEG DISKs STRESS MODEL -
ALTREF: 2 2 5 22 =%

JLocs: FORMRT =2
NPEF=2:

J T N B 0 Ny e

a NREF=7%: 0. 0. 1. 0. 0. o0, 41 <
o (PR Y D S NN (R | DR 1

JFEF: NFEF=-2:
CcOM=1: ZERD 2: 1

[
— =

c SYMMETREY PLAME
= JZEQ: i~

[
£

FEFERT 23 4: S-/2« 3?!4?
S MATC: 1 10,92+ .25 .03z
) PAAT RAUE
I THELE ‘NI=21MJ=1>: PROF ETRE & 1
2 J=1i3 o 9S>
=) 2. 15758
n -2, o894-2 9.1575-=2
i =Z. C3FG—-3 —2.25894-2 3, 1575-2
c o, 0. i Ce 32l 0-7
= . 0. ) v} 2,351 0=F>
3 i 0. o, g, 0 C.o 221 0-7
bl ig.6=e 12.6-0 1Z2.p—5 1. 1. 1. 1. 1. 1.
e AT ELD
v =21 40 1 ¥ 2 -32 4 -1 01
= i 227 2 40 2 04
= 226 2 227 =
0 2yr 51 2 em 2

D PO 0 0O PO FO PO M0 ) DO R e bt i 50 b

L AR R

HI_LE
TRELE tMI=1+ HJ=5g0
TRAM ¢SOUPCE=JLOC ILIM=1s L IM=5!
THELE (MI=1sMNJ=20: ¥
TRAM (SOUPCE=LOCs ILTM=1+ L IM=E
o= SOUARE (33 : - Y&= SOURRE £
HEYE= SUMEHS. YEr: RR= SORT CHEVED
TRELE cHI=%sMJ=€2) ¢ F
TRAN CSOURCE=FRs ILIM=1+ JL IM=E5, DSK IP=2)
APPL FORC 1 1= PRODCS, +5 DEM. PO
ALPHA: CAZE TITLE 1 1
1 ANGULAR YELOCITY = 2000 PADIANS FEF SECOMD
AT SOl ,
0T WPRT
TPRIMT STAT DISF 1 1
TPRINT STRT PEAC 1 1
FROT BEF
FULT FSF
STOF

s TERTE=0.TER IP=20

Dau B RN X B (N £

s TERZE=1s TEKIP=20

]

[ CRUOURRSN B SN | I S I AWV

L) BOR BN I RO R+ I N R Rt R N R R R SR R X T % R

[0 ) Y O I AR
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